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Metal cutting is nowadays mostly modelled with the Lagrangian formalism when the finite element
method is adopted. With these models, the results depend on the mesh parameters, such as the elements
size, orientation, etc. While this is a known problem, few studies that analyse it systematically and
quantitatively can be found. The Coupled Eulerian Lagrangian (CEL) formalism is an attractive alternative
to the Lagrangian formulation. The mesh dependency issue has still to be highlighted when CEL is
adopted. The aim of this paper is to study the mesh influence on the results of a CEL model and to
provide recommendations for future modelling. A benchmark is carried out based on an experimental
reference in strictly orthogonal cutting conditions. The comparison of the numerical results with this
reference shows that the size of the elements influences significantly the chip morphology and the
cutting forces. This size should be at least two times smaller than the cutting edge radius of the tool to
obtain results with an acceptable accuracy. The orientation of the elements is an important parameter as
well. It is such that it is recommended to use square elements to avoid any influence of the elements
orientation on the results. On the contrary, the results are independent of the elements size and number
in the direction perpendicular to the cutting plane. For the cutting conditions of this study, square el-
ements of 5 mm size should be used to obtain converged numerical results.

© 2017 Elsevier Masson SAS. All rights reserved.
1. Introduction

The cutting process is complex and involves many phenomena.
Numerical modelling contributes to study and master the cutting
process, up to now mostly in the particular (and simplified)
configuration of orthogonal cutting. Eulerian and Lagrangian
models are found in the literature with different variations
(Arrazola et al., 2013), each having their pros and cons. The Coupled
Eulerian Lagrangian (CEL) formulation has recently been success-
fully applied to numerical modelling of orthogonal cutting and
overcomes many disadvantages of the other methods (Ducobu
et al., 2016a). It turned out to be an attractive alternative to them.

A major concern when developing a finite element model is the
mesh dependence of the results. The problem of mesh dependence
has to be solved early in the development of the model because it
will influence the results. Then, the model is ready to be improved
with the optimal mesh that is not a parameter any more. This issue
of mesh dependence has therefore to be handled as well when
Ducobu).

served.
modelling the process of orthogonal cutting. The CEL method has
not been widely used for cutting modelling so far and no study on
the mesh dependency of the results for this application is available.
This mesh issue has only briefly been addressed for geomechanical
problems with large deformations (Qiu et al., 2011). Four elements
sizes were considered for square elements and convergence was
reached when the elements size is small enough. This shows that
the mesh dependence in CEL models is an issue as well and it
should therefore be addressed for orthogonal cutting. To be
consistent with the current literature for orthogonal cutting
modelling with (most widespread) Lagrangian models, this work
will rely on the information that can be found for that formalism.

B€aker et al. (2003) compared the results of two different mesh
densities for a 2D model with remeshing and without taking
damage into account. The Ti6Al4V chips formed were segmented
(or saw-toothed) and geometrically rather close. The finer mesh
however provided more details in the shear band. A difference in
the cutting force of around 5% was observed; the finer mesh lead to
a lower value. For a 2D model of Ti6Al4V orthogonal cutting with
damage and a segmented chip produced, Zhang et al. (2011b)
compared the average cutting force values of four elements sizes
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Fig. 1. Orthogonal cutting configuration: workpiece in the spindle (moving at the
cutting speed, Vc) and tool fixed on the machine table (Ducobu et al., 2015b).
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to an experimental value. A mesh dependence was noted. The two
large sizes lead to an average value smaller than the reference and a
difference between both numerical results occurred. On the con-
trary, the two small elements sizes gave both a value close to the
experimental reference.

Barge et al. (2006) showed for a 2D orthogonal cutting model of
AISI 4142 with damage that the elements size (four values were
considered for square elements) has a marginal influence on the
cutting force but that higher variations were observed for a larger
mesh. The chip morphology was more affected. Continuous chips
were formed and the main difference concerned their curvature.
The authors highlighted the importance of the experimental
reference in order to validate a numerical model due to the mesh
dependency of the results. According to Ambati and Yuan (2011),
the chip morphology should be used to characterize the quality of
the numerical results and themain parameter to validate a model is
the cutting force value. For a 2D model of AISI 4340 cutting with
damage, they highlighted a significant influence of the elements
size on the chip morphology for two different mesh densities. The
chip type could even change from continuous to segmented for a
finermesh. The average value of the cutting force for three different
elements sizes was nearly the same. Higher forces variations were
observed for a coarser mesh due to the higher discontinuity
introduced by the suppression of a larger element. Dependence of
chip morphology and cutting force average value to the mesh size
were observed as well for the finite element model of Shams and
Mashayekhi (2012) for A2024-T351.

A more detailed study of the mesh influence (elements size,
elements orientation, elements interpolation order) on the results
has been carried out by Hortig and Svendsen (2007) when
modelling segmented Inconel 718 chip with damage. In addition to
the study of the elements size dependency over the results, they
also showed that their orientation strongly influenced the chip
morphology and the cutting force. An increase of the chip seg-
mentation frequency was observed when the elements size was
smaller, as well as a reduction of the cutting force average value.

The literature review shows that, although of significant
importance, the mesh dependency in finite element modelling has
not been studied that much and no clear guidelines can be found in
the literature when developing a model. The literature review has
shown, for example, the sensitivity of the cutting force to the mesh
density. Depending on the source, the evolution is however not the
same: it can decrease with the elements size (B€aker et al., 2003;
Hortig and Svendsen, 2007), increase for smaller elements (Zhang
et al., 2011b) or even not be significantly affected (Ambati and
Yuan, 2011; Barge et al., 2006). Mesh influence is as well not
clearly defined as it usually concerns the elements size (Ambati and
Yuan, 2011; B€aker et al., 2003; Barge et al., 2006; Shams and
Mashayekhi, 2012; Zhang et al., 2011b) but elements orientation
and interpolation order as well (Hortig and Svendsen, 2007). The
validation of the converged mesh parameters is moreover not
based systematically on the same experimental parameters, nor for
a given set of cutting conditions. Average cutting force value and
qualitative chip morphology are the most used points of compari-
son. A lack of benchmark with detailed, systematic and quantitative
comparisons is brought out of the literature when the modelling of
orthogonal cutting is considered with Lagrangian models.

This paper studies the influence of the mesh on the results of an
orthogonal cutting CEL model of Ti6Al4V. Three mesh parameters
are selected: the size of the elements, the orientation of the ele-
ments and the size (and the number) of elements in the width of
the model (i.e. in the direction normal to the cutting plane). The
interpolation order and the element type (number of nodes per
element, for example) are not included because only one element
type is currently available in Abaqus/Explicit v6.14-2 (H.K.S., 2014)
for a CEL model. The comparison data with the experimental
reference are the chip morphology (shape and characteristic
length), the temperature fields and the cutting forces (temporal
evolution and RMS value). The complete study (with the three
mesh parameters) is carried out for an uncut chip thickness of
40 mm. Two other uncut chip thicknesses values (60 mm and
100 mm) are adopted in a second time, while the elements size is
the only parameter considered. The importance of the experi-
mental reference has been highlighted in the literature review. The
specific configuration of the tests provides a direct point of com-
parison with the modelling as it allows to provide strictly orthog-
onal cutting experimental results. The experiments are briefly
described as well. Their results constitute a reference onwhich this,
but future also, numerical studies can rely on. Following the
confrontation with the experimental reference, some recommen-
dations are provided for future modelling of orthogonal cutting.
2. Experimental reference

The experimental reference is provided by experiments carried
out in strictly orthogonal cutting conditions. This allows to compare
directly the experimental results to modelling results. Fig. 1 shows
the particular configuration of the experiments, introduced by the
authors in Ducobu et al. (2015b), on a five-axis high speed milling
machine used as a planning machine. Table 1 presents the cutting
conditions adopted in the experiments and the tool geometry. The
tool was custom made by SECO from a standard LCGN160602-
0600-FG-X tool. The machined material was the Ti6Al4V titanium
alloy. Three uncut chip thicknesses, h, were chosen: 40 mm, 60 mm
and 100 mm at a single cutting speed, 30 m/min, the highest feed
rate of the machine. Each test was repeated minimum three times.
The cutting forces were measured with a Kistler 9257B dyna-
mometer. The chips were collected and then observed with an
optical microscope after being etched by Kroll's reagent to reveal
the Ti6Al4V microstructure (b phase coloured in dark brown, i.e.



Table 1
Cutting conditions of the experiments (Ducobu et al., 2015b).

Cutting speed (m/min) 30
Uncut chip thickness (mm) 40, 60, 100
Width of cut (mm) 1
Length of cut (mm) 10
Rake angle (�) 15
Clearance angle (�) 2
Cutting edge radius (mm) 20

Table 2
Chip thickness, h0 , for 25 measurements and cutting forces at the three uncut chip
thicknesses (Ducobu et al., 2015b).

40 mm 60 mm 100 mm

h0 (mm) 59 ± 5 80 ± 4 135 ± 6
RMS CF (N/mm) 86 ± 2 113 ± 2 174 ± 2
RMS FF (N/mm) 40 ± 1 44 ± 1 50 ± 1

Fig. 3. Schematic initial geometry and boundary conditions of the models (r: cutting
edge radius, h: uncut chip thickness, Hv: height of the area initially filled with void).
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black on the microscope views).
Sections of the chips at the three uncut chip thicknesses are

provided in Fig. 2(a) to (c). All of them were continuous chips.
Continuous chips were requested in this study to allow the com-
parison between the different meshes without influence of
particular phenomena, such as strain softening or damage, occur-
ring during the formation of chips that are not continuous such as
segmented chips.

The short cutting length (10 mm) provided chips that did not
need to be unrolled and therefore deformed before embedding.
This will allow to directly compare experimental and numerical
chip thickness, h0, values. Table 2 presents the mean values of the
three chip thicknesses; 25 measurements were taken along each
chip to compute the mean. The standard deviation values are also
provided in the table; they are lower than 10% of the chip thickness.

The cutting and feed forces were nearly constant on the whole
cutting length due to the continuous chip morphology. The average
values of the root mean square (RMS) forces are given in Table 2 for
the three uncut chip thicknesses. As expected, the forces are
increasing with the uncut chip thickness. It is noted that the stan-
dard deviation values are low for the three uncut chip thicknesses.

3. CEL finite element model

The application of the CEL method to model the metal cutting
has been introduced in Ducobu et al. (2016a). In this model, the tool
is described by a Lagrangian formulation while the workpiece is
described by an Eulerian formulation. The Eulerian area includes
the initial shape of the workpiece and the area where the chip will
form, i.e. where the machined material can be found during the
computation. This implies that the initial void above the workpiece
is also meshed, which increases the number of elements by com-
parison to a Lagrangian model. The study carried out in this paper
will be based on a finite element model with similar characteristics
as in Ducobu et al. (2016a). Only 3D 8-node brick elements are
available in Abaqus/Explicit v6.14-2 (H.K.S., 2014) for the CEL
formalism. To limit the number of degrees of freedom, there is a
single element out of the cutting plane; its width is 50 mm. Fig. 3
presents schematically the initial geometry of the models and the
Fig. 2. Optical microscope chips sections (a) 40 mm, (
boundary conditions. The dimensions of the workpiece are defined
depending on the cutting edge radius of the tool, r, and the uncut
chip thickness, h. The length of the workpiece is set to 0.5 mm to
allow a cutting time of 600 ms, which is sufficient to reach the
steady-state of the cutting forces and a chip long enough to be
measured. The height of the area filled with void at the beginning of
the cut, Hv, depends on the value of h and is chosen to prevent the
Eulerian material to flow out of the domain. An example of initial
mesh is shown in Fig. 4. To have a model as close as possible to a 2D
plain strain one, the displacements out of the cutting plane of the
Lagrangian nodes (tool) have been constrained, while the speed out
of the plane of the Eulerian nodes (workpiece) has been con-
strained. The moving part is the tool like in classic transient
Lagrangian models. Its geometry is the same as in the experiments
(Table 3). The tool is meshed with 3D 8-node brick elements (4
nodes in the cutting plane). It is composed of 75 elements and 188
nodes. In the cutting plane, the length of the elements composing
the edge radius is 4.66 mm to allow modelling the radius of 20 mm.
The elements size grows then when moving away of the radius.

The Johnson-Cook (JC) constitutive model (Johnson and Cook,
1983) is the most popular model used in cutting process simula-
tion. It does not take strain softening into account contrary to more
b) 60 mm and (c) 100 mm (Ducobu et al., 2015b).



Fig. 4. Initial mesh for 5 mm length square elements and h ¼ 40 mm.
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recent models (Ducobu et al., 2015a). It is however well suited to
describe the behaviour of Ti6Al4V in this study as continuous chips
were experimentally formed. It will thereforemake no difference in
the results whether the strain softening is taken into account or not.
The JC model is composed of three independent terms dissociating
plastic, viscous and thermal aspects:

s ¼ ðAþ BεnÞ
�
1þ C ln

_ε

_ε0

��
1�

�
T � Troom

Tmelt � Troom

�m�
(1)

In this equation, A, B, C, m and n are material properties. The
melting temperature is Tmelt , the room temperature is Troom and the
reference strain rate is _ε0. The selected set of parameters of this
study is given in Table 3.

Tungsten carbide (tool material) is described by a linear elastic
model. The materials properties of both materials are given in
Table 3. Friction at the tool e chip interface is modelled with a
Coulomb coefficient value of 0.2, according to the experimental
study of Rech et al. (2013) for the same tooleworkpiece couple and
the same cutting speed, in dry cutting conditions. Equal repartition
Table 3
Material properties and cutting conditions of the numerical model (Lampman,1990;
Meyer and Kleponis, 2001; Nasr et al., 2007; €Ozel and Zeren, 2007; Rech et al., 2013;
Sun and Guo, 2009).

JC constitutive model A (MPa) 862
B (MPa) 331
C 0.012
m 0.8
n 0.34
_ε0 1
Troom (K) 298
Tmelt (K) 1878

Inelastic heat fraction Ti6Al4V 0.9
Density, r (kg/m3) Ti6Al4V 4430

Carbide 15,000
Young's modulus, E (GPa) Ti6Al4V 113.8

Carbide 800
Poisson's ratio, n (�) Ti6Al4V 0.342

Carbide 0.2
Expansion, a (K�1) Ti6Al4V 8.6 e�6

Carbide 4.7 e�6

Conductivity, k (W/mK) Ti6Al4V 7.3
Carbide 46

Specific heat, cp (J/KgK) Ti6Al4V 580
Carbide 203

Friction coefficient 0.2
Friction energy to heat (%) 100
Heat partition to part (%) 50
Cutting speed, Vc (m/min) 30
Uncut chip thickness, h (mm) 40, 60, 100
Rake angle, g (�) 15
Clearance angle, a (�) 2
Cutting edge radius, r (mm) 20
of the heat generated by friction (efficiency of friction to heat
conversion is assumed to be 100%) between the tool and the chip is
adopted, in accordance with values provided by Rech et al. (2013).
They used a special tribometer reproducing the sliding velocities
and contact pressures occurring during machining. They applied
then an analytical procedure to identify the values of the friction
coefficient and of the heat partition. They provided both global and
local friction coefficients. The local coefficient value is selected for
the model of this study, as intended by Rech et al. (2013) in their
paper. All the faces are adiabatic and the efficiency of deformation
to heat conversion is 90% (Nasr et al., 2007).

4. Mesh size influence

The length of the elements in the cutting plane is the first
parameter to be studied. The uncut chip thickness is fixed at 40 mm.
To avoid any preferred direction, the shape of the elements is a
square. Their edge length will vary to highlight its influence on the
results. The tool edge radius value is chosen to define the largest
element length, 20 mm. The other elements lengths adopted, 10 mm,
5 mm and 2.5 mm, are given in Table 4 with the number of elements
and nodes of the workpiece (Hv ¼ 220 mm).

The four corresponding chips are presented in Fig. 5. As in the
experiments (Fig. 2), they are all continuous. At 5 mm and 2.5 mm,
the shape of the chip is more detailed than for the two larger ones.
At 20 mm, the chip is highly rounded and its shape is rather rough.
At 10 mm, the chip is still rounded but less. The chip curvature
radius, and therefore the rigidity of the chip, decrease with the
elements size; a stabilization is observed from 5 mm. A significant
and unrealistic gap appears between the clearance face and the
machined surface at 20 mm. This gap is nearly unnoticeable at
10 mm and it disappears for smaller elements.

Table 5 presents the chip thickness values of the four models. All
of them are larger than the experimental reference. It is 17% larger
at 20 mm and 10% larger with the other elements lengths. So, at
10 mm, the shape of the chip is more rounded due to the larger
elements but the chip thickness is correctly modelled. Again, an
element length of 20 mm leads to results of lower quality. As
mentioned in Ducobu et al. (2016a), a higher numerical value of the
chip thickness could be expected. In the experiments, the chip can
expand laterally, while it is not allowed in the modelling and may
contribute to the larger numerical chip thickness.

Temperature fields are plotted in Fig. 5. They are similar for the
four elements sizes. The high temperature area is however larger at
20 mm, as well as the maximum temperature value. For all the
models, the highest temperature is found in the workpiece in the
area near the tool edge radius and in the secondary shear zone. The
highest temperaturewas expected in the secondary shear zone. The
high temperatures location is therefore correctly estimated.

The numerical forces evolutions versus time are plotted in Fig. 6
together with the experimental RMS values. Steady-state of the
numerical forces is reached after less than 150 ms. Numerical RMS
values of the forces are provided in Table 5. The forces at 20 mm are
significantly different than the other ones. A cyclic evolution of both
cutting (in the X direction) and feed (in the Y direction) forces is
noted, as well as larger RMS values. This forces evolution is not
Table 4
Number of elements and nodes for the four square elements lengths.

Length (mm) Elements Nodes

20 425 936
10 1700 3570
5 6800 13,938
2.5 27,200 55,074



Fig. 5. Temperature contours (in K) of the numerical chips with square elements (a) 20 mm, (b) 10 mm, (c) 5 mm and (d) 2.5 mm after 600 ms of cutting.

Table 5
RMS cutting forces and chip thickness summary for square elements, Dx: difference
with the experimental values.

Case CF
(N/mm)

DCF
(%)

FF
(N/mm)

DFF
(%)

h0

(mm)
Dh0

(%)

Exp. 86 ± 2 � 40 ± 1 � 59 ± 5 e

20 78 9 37 8 69 ± 2 �17
10 67 22 29 28 65 ± 1 �10
5 66 23 31 23 65 ± 1 �10
2.5 65 24 33 18 65 ± 1 �10

Fig. 6. Numerical cutting forces with square elements.
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linked to the formation of a continuous chip that should lead to a
nearly constant value of the forces. The number of cycles is actually
related to the number of elements crossed by the tool. High tran-
sient values are observed as well for this elements size.

This phenomenon of forces variations linked to the elements is
also observed at 10 mm. Their frequency is two times larger, like the
number of elements. The magnitude of their variation is lower but
still noticed. This time, the RMS values are however not affected as
they are close to values at 5 mm and 2.5 mm. For the two smallest
elements lengths, the variation of the forces around themean value
is not significant (it is a classic noise) and the RMS values are nearly
equal (Table 5). These evolutions are typical of a continuous chip. By
comparison with the experimental RMS values, the numerical
forces are lower of less than 25% for both cutting and feed forces.
The forces at 20 mm are closer to the reference (less than 10% lower)
but their evolutions are too far from a nearly constant value. Lower
numerical forces values with this set of JC parameters have previ-
ously been mentioned in the literature (Ducobu et al., 2016b;
Umbrello, 2008). The values and differences presented in Table 5
are therefore in accordance with the previous works from the
current state of the art. The main objective of this paper is to study
the influence of the mesh on the results. Such a difference in the
forces value has therefore no influence on the observations and
conclusions that will be drawn.

Computation time is not provided in the article due to limita-
tions linked to calculations running on a supercomputer. Indeed, it
makes no sense to compare the computation times because, for the
same simulation, they vary greatly (of more than ± 20%) depending
on the load of the supercomputer. This load cannot, of course, be
controlled by the authors and it is then not possible to obtain
reliable and reproducible computing times. Anyway, to give an
order of magnitude of computing times, around 285 min are
needed to compute 600 ms of simulation for the model with 5 mm
square elements with 4 Intel SandyBridge 2.60 GHz processors.

When decreasing the length of square finite elements from
20 mm to 2.5 mm, an evolution in the results (chip morphology,
temperatures and forces) is noted. A significant difference is
observed between 20 mm and 10 mm. The transition from 10 mm to
5 mm highlights fewer differences and nearly none is noted be-
tween 5 mm and 2.5 mm. This shows that convergence is reached. To
limit the computing resources, it is recommended to consider the
5 mm element length for future modelling.
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5. Mesh orientation influence

The orientation of the mesh is the second parameter to be
studied. The uncut chip thickness is still 40 mm. Two orientations of
the elements are considered: parallel and perpendicular to the
cutting speed direction. To achieve this, the elements have now a
rectangular shape with their length parallel or perpendicular to the
cutting speed direction. Two configurations are studied: either the
whole workpiece is composed of rectangular elements, either it is
composed of a combination of square and rectangular elements.
Table 7
5.1. Rectangular elements

When only rectangular elements compose the workpiece, the
designation of the model is element length � element height (di-
rection X � direction Y in Fig. 3). Four elements configurations are
adopted. The corresponding numbers of elements and nodes of the
workpiece are given in Table 6 and the resulting chips in Fig. 7.

All the chips in Fig. 7 are still continuous. Strong differences in
the chips morphologies are however noticed. The rigidity is highly
influenced by the orientation of the elements. When they are
horizontal (Fig. 7(a) and (c)), the rigidity of the chip is higher than
when they are vertical (Fig. 7(b) and (d)). The chip thickness is
higher as well and the length is shorter. For the 10� 20 mm2 ele-
ments (Fig. 7(b)), the very low rigidity and the length lead to a small
curvature radius. As for square elements, the value of the elements
length influences the roundness and the level of details of the chip
shape. Similarly, a gapwith themachined surface is observed under
Table 6
Number of elements and nodes for the rectangular elements.

Model (mm2) Elements Nodes

20� 10 850 1820
10� 20 850 1836
10� 5 3400 7038
5� 10 3400 7070

Fig. 7. Temperature contours (in K) of the numerical chips with rectangular elements (a) 20
the clearance face near the tool edge radius when the size is 20 mm.
The four temperature fields are rather close.When the elements are
larger, the high temperature area is slightly larger on the rake face,
at the beginning of the secondary shear zone. This is due to the
longer contact length of the chip on the tool.

As expected from Fig. 7, the chip ticknesses values in Table 7 are
larger for horizontal elements. For 10� 20 mm2 elements, the chip
thickness is the lowest. The vertical orientation with 5� 10 mm2

elements leads to a chip thickness very close to the experimental
value. This value is slightly lower than that for 5 mm square ele-
ments. Vertical rectangular elements tend to increase the chip
length and decrease the chip thickness. A lower value of the chip
thickness could therefore be expected. The orientation of the ele-
ments has a strong influence on the chip morphology. The size of
the elements has more influence on the chip thickness value when
they are oriented vertically.

The same observations are performed on the forces evolutions
of Fig. 8 as for square elements. The steady-state is reached before
150 ms and cyclic evolutions with no link with the chip formed are
produced when the size of the elements is large. The magnitude of
the oscillations around the mean value is larger when the elements
orientation is horizontal and the feed force variations are larger
than that of the cutting force as it is clearly seen in Fig. 8 for 20� 10
mm2 and 10� 20 mm2. For vertically oriented elements, variations
are noted as well but of lower magnitude and this magnitude is
larger in the horizontal direction. The frequency of the variations of
� 10 mm2, (b) 10� 20 mm2, (c) 10� 5 mm2 and (d) 5� 10 mm2 after 600 ms of cutting.

RMS cutting forces and chip thickness summary for rectangular elements, Dx: dif-
ference with the experimental values.

Case CF
(N/mm)

DCF
(%)

FF
(N/mm)

DFF
(%)

h0

(mm)
Dh0

(%)

Exp. 86 ± 2 e 40 ± 1 e 59 ± 5 e

20� 10 74 14 39 3 72 ± 0 �22
10� 20 63 27 27 33 45 ± 1 24
10� 5 67 22 31 23 70 ± 1 �19
5� 10 67 22 33 18 61 ± 1 �3



Fig. 8. Numerical cutting forces with rectangular elements.
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these twomodels is different by a ratio of two: it is two times larger
for vertical than for horizontal ones.

The RMS values of the cutting forces are therefore larger for 20�
10 mm2 than the three other models (Table 7). The chip at 10� 20
mm2 has a low rigidity; lower RMS values of the forces could be
expected. The RMS values of the two other models are very close, as
are their forces evolutions. Differences in the chipmorphologies are
however noted. By comparison to the experimental reference, the
forces values of these models are similar to these with square
elements.

The orientation of the elements has a high influence on the chip
morphology and the forces evolutions. Horizontally oriented ele-
ments lead to a shorter and wider chip than vertically oriented
elements for which the chip is longer, thinner and less rigid. Con-
cerning the cutting forces, significant variations are obtained with
large elements but they are higher for horizontal elements. The
frequency of the variations depends on the number of elements in
the cutting direction and themagnitude of the variations is larger in
the direction corresponding to the shorter side of the rectangular
elements.
Table 8
Number of elements and nodes for the models with square and rectangular
elements.

Model Elements Nodes

Comb1 2900 6060
Comb2 1050 2244
Comb3 525 1144

Fig. 9. Temperature contours (in K) of the numerical chips with square and recta
5.2. Square and rectangular elements

Three meshes combining square and rectangular elements are
adopted. The workpiece of Comb1 model is composed of 5� 20
elements, excepted in the upper part of the area initially filled with
Ti6Al4V (dark grey zone in Fig. 3) where 5 mm square elements are
used. The workpiece of Comb2 is composed of 10� 20 elements
and 10 mm square elements and in Comb3, of 20 mm square ele-
ments and 20� 10. The objectives of the combination are to reduce
the number of degrees of freedom of the model (Table 8) by com-
parison with models made of only square elements, while keeping
a good quality of the results. In Comb1 and Comb2, square elements
are defined where the chip separates of the workpiece and there-
fore where the mesh may have more influence on the results. In
Comb3, rectangular elements allow to have two times more ele-
ments in the zone where the chip forms to better capture the
phenomena.

Three different chips are produced by the three models (Fig. 9),
although they are still continuous. In accordance with previous
results, the chip rigidity increases with the length of the elements
in the horizontal direction. The chips thicknesses follow the same
trend (Table 9). The mean value of Comb2 is equal to the experi-
mental reference, while Comb1 is smaller and Comb3 is larger. The
elements are larger in Comb3 and the gap under the clearance face
is high. Temperature fields are similar for Comb2 and Comb3 but the
high temperatures area is slightly larger for Comb3, mainly because
of the larger contact length. The temperature in the secondary
shear zone for Comb1 is higher than in the two other models and its
area is larger as well. High temperature is even observed outside
the toole chip contact zone and it does not seem realistic. This may
be due to the high elongated elements vertically oriented: the ratio
of their height on their length is 4, which is larger than the
maximum of 2 recommended as a good practice rule in Lagrangian
finite elements (Ducobu et al., 2015c). High ratio elements should
therefore be avoided in CEL modelling as well.

The forces evolutions (Fig. 10) of Comb3 confirm that horizontal
elements lead to high forces variations and that they are higher in
the direction of the elements width. The elements topology is the
same for Comb1 and Comb2, the difference is the larger elements
size for Comb2. The larger elements of Comb2 lead to larger forces
variations. The magnitude of the variations seems close in both
directions, indicating that they are caused by elements in the chip
separation area. This is in accordance with the forces evolutions of
Comb3. The RMS values follow the previously highlighted trends
(Table 9). The only significant difference is the feed on cutting
forces ratio that is 0.6 for Comb3, while it is often slightly under 0.5
for all the previous models.

Combining square and rectangular elements allows to reduce
the number of elements by comparison to square elements. The
disadvantages of large square elements and rectangular elements,
even when they are not in the chip separation area, are still
observed and influence the results. Rectangular elements with high
ngular elements (a) Comb1, (b) Comb2 and (c) Comb3 after 600 ms of cutting.



Table 9
RMS cutting forces and chip thickness summary for the models with square and
rectangular elements, Dx: difference with the experimental values.

Case CF
(N/mm)

DCF
(%)

FF
(N/mm)

DFF
(%)

h0

(mm)
Dh0

(%)

Exp. 86 ± 2 e 40 ± 1 e 59 ± 5 e

Comb1 59 31 32 20 55 ± 1 7
Comb2 63 27 30 25 59 ± 2 0
Comb3 70 19 42 �5 65 ± 2 �10

Fig. 10. Numerical cutting forces with square and rectangular elements.
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height on length ratio produce unrealistic results and should be
avoided.
Table 10
Stable time increment, Dtstable , Abaqus time increment after 600 ms of computing,
DtAbq , frequency of the time increment, fDt , and frequency of the cutting force
evolution, fCF , for square elements with a length of 2.5 mm, 5 mm, 10 mm and 20 mm
(�: computed value).

Length
(mm)

Dtstable
(s)

DtAbq
(s)

fDt
(Hz)

fCF
(Hz)

2.5 4.79 e�10 2.49 e�10 4.02 e9 200 e�10 *

5 9.58 e�10 3.18 e�10 3.14 e9 100 e3

10 1.92 e�9 3.18 e�10 3.14 e9 50 e3

20 3.83 e�9 3.18 e�10 3.14 e9 25 e3
6. Time increment

Cyclic evolutions of the forces are observed for large elements
regardless of their shape and orientation. The explicit formulation
is adopted in this study and the length of the elements of the mesh
directly influences the stable time increment. This paragraph is
intended to look at the influence of the time increment on the cyclic
evolutions of the forces.

The stable time increment, Dtstable, is calculated from the
properties of mass and stiffness of the entire system. Without
damping it is given by (Bathe and Wilson, 1976; Cocchetti et al.,
2012; Koric et al., 2009)

Dtstable ¼
Tmin

p
¼ 2

umax
(2)

where Tmin is the smallest eigenvalue of the finite element model
and umax is its largest eigenfrequency.

To avoid having to calculate the eigenvalues, the stability limit is
calculated in practice by (Koric et al., 2009)

Dtstable ¼ min
�
Lc
Cd

�
(3)

with Lc the characteristic length of each element of themesh and Cd
the wave propagation speed in the material. In Abaqus, the char-
acteristic length of an element, Lc, is defined as the square root of its
surface (H.K.S., 2014). The wave propagation speed in the material,
Cd, is computed by
Cd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lþ 2m

r

s
(4)

where r is the density and l and m are Lam�e’s coefficients. For an
elastic isotropic material, the two coefficients are given by

l ¼ E$n
ð1þ nÞ$ð1� 2nÞ (5)

m ¼ E$n
2$ð1þ nÞ (6)

with E Young's modulus of the material and n Poisson's coefficient.
Table 10 gives stable time increment values, Dtstable, for square

elements of 2.5 mm, 5 mm, 10 mm and 20 mm. The time increment
values adopted by Abaqus after 600 ms of computation, DtAbq, are
given in Table 10 as well. The time increment values adopted by
Abaqus are smaller than the stable time increment values for the 4
meshes. The time increment increase with the elements length
therefore does not influence the forces evolutions.

It must be noted that the time increment in Abaqus is equal for
meshes of 5 mm, 10 mm and 20 mm. This is because the smallest
elements are not in the workpiece for these meshes lengths but in
the tool. Indeed, elements in the tool edge radius area must be
small enough to allow the modelling of the radius of 20 mm. Their
length is 4.66 mm, corresponding to a stable time increment of 8.92
e�10 s; the value adopted by Abaqus is larger: 3.18 e�10 s. So, the
increase of the element length in the workpiece above 4.66 mm
does not impact the time increment adopted in Abaqus.

Moreover, themodelling results show that the orientation of the
elements (horizontal or vertical) when they are not a square in-
fluences the forces evolutions for the same element dimensions.
The stable time increment is computed with the characteristic
length of the elements. This characteristic length is the same for a
horizontal and a vertical element. So, the stable time increment is
not modified by the orientation of the elements composing the
mesh.

Finally, the frequency of the cutting force evolutions, fCF , is
compared to the frequency of the time increment, fDt . For elements
of 2.5 mm, the cutting force evolutions cannot be determined due to
the frequency output of the results which is too low to have enough
points to describe the evolution (and the amplitude of this evolu-
tion is very small). However, it was observed that the frequency of
the forces evolutions is linked to the number of elements crossed by
the tool. This frequency can therefore be computed by

fCF ¼ Vc

L
¼ 200 kHz (7)

for an element length, L, of 2.5 mm. For the 3 other elements sizes,
the frequencies are given in Table 10 by estimation from the cutting



Table 12
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evolution. These values are in accordance with Equation (7). The
orders of magnitude of the frequency of the cutting force evolutions
and of the frequency of the time increment are very different and
that the time increment does not influence the frequency of the
cutting force evolutions. In the end, it is clear that the time incre-
ment does not influence the cyclic evolutions of the forces.

7. Mesh width influence

Up to this point, the influence of the elements size and orien-
tation in CEL cutting modelling has been considered. In this para-
graph, the element width, i.e. the length in the direction
perpendicular to the cutting plane, will be studied. The elements
width adopted so far is 50 mmas in themodel introduced in Ducobu
et al. (2016a). The size and the orientation of the mesh used are
5 mm square elements. This mesh proved to be the one providing
results close to the experiments while preventing any influence of
the mesh orientation on the chip morphology and the evolution of
the forces.

As already reminded in the paragraph on the mesh orientation
influence, a good practice rule in Lagrangian finite elements is to
avoid ratios of elements lengths larger than 2. With square ele-
ments of 5 mm and 50 mm width, the ratio between the width and
the length in the cutting plane is 10. The importance of the value of
this ratio for the width will be studied with twomodels: one with 1
element of 5 mmwidth (�1) and one with 4 elements in the width
(�4) of 50 mm (so the elements width is 12.5 mm). The numerical
reference is the model with 5 mm square elements and 1 element in
the width of 50 mm (5). Their numbers of elements and nodes are
Table 11
Number of elements and nodes for the models with width influence.

Model Elements Nodes

5 6800 13,938
�1 6800 13,938
�4 27,200 34,845

Fig. 11. Temperature contours (in K) of the numerical chips with 5 mm square elements (a) R
(�1) and (c) 4 elements of 12.5 mm in the width (of 50 mm, �4) after 600 ms of cutting.
given in Table 11.
Fig. 11 presents the results of the two models and the numerical

reference chip with 5 mm square elements. The three chips are
qualitatively identical. This is confirmed by the value of their chip
thickness (Table 12). Thewidth of the elements and their number in
this direction do not influence the chip morphology. Temperature
fields (Fig. 11) are identical as well. The same results are observed
for the cutting forces. The temporal evolutions of the three models
are identical (Fig. 12), as well as their RMS values.

The mesh width has therefore no influence on the results. From
a computing point of view, it is more efficient to only have 1
element in the width of the model but this width does not alter the
quality of the results. The elements width used so far (50 mm) will
be kept for future modelling.
8. Mesh size influence at other uncut chip thicknesses

The results of the mesh influence study showed that square
elements should be preferred to rectangular ones to avoid influ-
encing mostly the chip morphology. A sensitivity of the elements
length, even for a square shape has been shown. The four elements
lengths adopted previously will be used to highlight their influence
on the results at the two other uncut chip thicknesses of the ex-
periments, 60 mm and 100 mm. Except for the uncut chip thickness
value, no changes were implemented in the model in order to
obtain a predictive model able to provide quantitative information
eference with 1 element of 50 mm in the width (5), (b) 1 element of 5 mm in the width

RMS cutting forces and chip thickness summary for the models with width influ-
ence, Dx: difference with the experimental values.

Case CF
(N/mm)

DCF
(%)

FF
(N/mm)

DFF
(%)

h0

(mm)
Dh0

(%)

Exp. 86 ± 2 e 40 ± 1 e 59 ± 5 e

5 66 23 31 23 65 ± 1 �10
�1 67 22 32 20 66 ± 1 - 12
�4 66 23 31 23 66 ± 1 �12



Fig. 12. Numerical cutting forces with elements width influence.
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with a reasonable accuracy. To accommodate the increase of the
uncut chip thickness value, the height of the workpiece is adapted.
For h ¼ 60 mm, Hv ¼ 300 mm and for h ¼ 100 mm, Hv ¼ 320 mm. The
corresponding numbers of nodes and elements of the models are
given in Table 13.

Fig. 13 shows the four chips at h ¼ 60 mm and Fig. 14 at
h ¼ 100 mm. In both cases, they are all continuous, as in the
experimental reference, and rather similar for the same h value.
With 20 mm elements, the chip is still more rounded and the gap
noticed between the clearance face and the machined surface.
Chips with 5 mm and 2.5 mm elements are very close to each other
and no gap is observed, as expected from previous results. With
10 mmelements, the quality of the chipmorphology depends on the
uncut chip thickness. At 60 mm, the chip is still too much rounded
and clearly less detailed thanwith shorter elements. At 100 mm, few
significant differences are highlighted by comparison with shorter
elements.

Themean values of the chip thicknesses (Tables 14 and 15) show
that they are all rather close for a given uncut chip thickness.
Contrary to the results at 40 mm, no clear stabilization of the mean
values is observed and a slight increase occurs for smaller elements.
As at 40 mm, the numerical values are larger than the experimental
ones. The suggested main reason is the same: the chip cannot
expand laterally in the modelling.

As previously noted, the high temperature area is in the sec-
ondary shear zone and near the tool edge radius. This area near the
edge radius is smaller at 100 mm, which was expected due to the
larger uncut chip thickness. This location is therefore correctly
estimated. For both uncut chip thicknesses, the high temperature
area is larger with 20 mm elements. Temperature fields with the
three other elements sizes are very close.
Table 13
Number of elements and nodes for the models with square elements at h ¼ 60 mm
and h ¼ 100 mm.

h (mm) Length (mm) Elements Nodes

60 20 550 1196
60 10 2200 4590
60 5 8800 17,978
60 2.5 35,200 71,154
100 20 625 1352
100 10 2500 5202
100 5 10,000 20,402
100 2.5 40,000 80,802
The same observations as at 40 mm are carried out on the nu-
merical forces evolutions (Figs. 15 and 16). Cyclic variations are
obtained, although the chips are continuous. The magnitude of
these variations is still larger for longer elements and their
numbers are linked to that of the elements composing the mesh.
Again, except with 20 mm elements, the RMS forces values are very
close. The cutting forces differences with the experimental refer-
ence are less than 25% as for the uncut chip thickness of 40 mm. This
confirms that the difference between experimental and numerical
values are due to the choice of the JC parameters. These differences
also do not increase with the uncut chip thickness, as expected, but
tend to slightly decrease. The feed force modelling is usually less
accurate than for the cutting force (Ducobu et al., 2016b; Karpat,
2011; Sima and €Ozel, 2010; Zhang et al., 2011a) and these results
follow the same trend. However, the decrease of its modelling ac-
curacy for larger uncut chip thicknesses may require to take an
uncut chip thickness dependency of the friction modelling into
account. The experimental values (Rech et al., 2013) on which the
friction modelling is based in this study only depends on the cut-
ting speed.

The results at the other uncut chip thicknesses values confirm
that the 20 mm square elements should not be adopted for accurate
modelling. The differences in the results vanish when the length of
the elements decreases. A size of 5 mm is recommended as the
results it leads to are nearly identical to a length of 2.5 mm and
convergence is therefore reached. Longer elements will decrease
the computing resources for similar results and must be privileged.
Square 10 mm length elements do not lead to bad results: the chip
morphology and RMS forces values are similar to converged values.
The larger elements however lead to forces variations that are still
significant, although they do not influence the RMS values. This
elements size could therefore be adopted for fast results if rougher
chip morphology is allowed (this is less significant at h ¼ 100 mm)
and only RMS forces values are required.

9. Conclusions

The influence of the mesh on the results of a CEL orthogonal
cutting model has been studied in this paper based on the elements
size, elements orientation and elements width. The following
conclusions can be drawn:

� The size of the elements influences the results when it is larger
than the converged value. For these large elements, artificial
cyclic variations (linked to the number of elements crossed by
the tool) are observed in the temporal forces evolutions,
although the chip is continuous. The chip produced in these
conditions has a rough shape and is too much rounded, an un-
realistic gap between the clearance face and the machined
surface appears as well. It is recommended to use an elements
length at least two times smaller than the cutting edge radius of
the tool.

� The orientation of the elements has a significant influence on
the results; this was not expected to that extent. The forces
evolutions are impacted but the chip morphology as well. With
horizontally oriented elements, the chip is short and wide and
the magnitude of the forces variations is large. Vertically ori-
ented elements lead to long, thin and less rigid chips. The fre-
quency of the artificial forces variations depends as well on the
elements orientation. To avoid any influence of the results due
to the elements orientation, it is recommended to use square
elements.

� The elements width and the number of elements in the width of
the model (i.e. in the direction perpendicular to the cutting
plane) do not influence the results.



Fig. 13. Temperature contours (in K) of the numerical chips for h ¼ 60 mm with square elements (a) 20 mm, (b) 10 mm, (c) 5 mm and (d) 2.5 mm after 600 ms of cutting.

Fig. 14. Temperature contours (in K) of the numerical chips for h ¼ 100 mm with square elements (a) 20 mm, (b) 10 mm, (c) 5 mm and (d) 2.5 mm after 600 ms of cutting.

Table 14
RMS cutting forces and chip thickness summary for square elements at h ¼ 60 mm,
Dx: difference with the experimental values.

Case CF
(N/mm)

DCF
(%)

FF
(N/mm)

DFF
(%)

h0

(mm)
Dh0

(%)

Exp. 113 ± 2 e 44 ± 1 e 80 ± 4 e

20 103 9 33 25 106 ± 4 �33
10 89 21 28 36 94 ± 1 �18
5 89 21 30 32 96 ± 1 �20
2.5 88 22 31 30 99 ± 1 �24

Table 15
RMS cutting forces and chip thickness summary for square elements at h ¼ 100 mm,
Dx: difference with the experimental values.

Case CF
(N/mm)

DCF
(%)

FF
(N/mm)

DFF
(%)

h0

(mm)
Dh0

(%)

Exp. 174 ± 2 e 50 ± 1 � 135 ± 6 e

20 149 14 30 40 159 ± 3 �18
10 135 22 26 48 153 ± 1 �13
5 133 24 28 44 157 ± 1 �16
2.5 133 24 29 42 163 ± 1 �21
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Fig. 15. Numerical cutting forces with square elements for h ¼ 60 mm.

Fig. 16. Numerical cutting forces with square elements for h ¼ 100 mm.
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� The uncut chip thickness value influences the length of the el-
ements at which convergence of the results is reached. A smaller
uncut chip thickness requires shorter elements (10 mm elements
give satisfactory results at h ¼ 100 mm but 5 mm elements are
required at h ¼ 40 mm).

� For the cutting conditions adopted in this study, convergence is
reached for 5 mm square elements. Larger elements, with a
length of 10 mm, could be used to achieve fast results computing
with a lower accuracy, but still satisfactory in some particular
situations (only RMS forces values are required for example).
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