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Abstract This paper presents two different finite element
(FE) models with Arbitrary Lagrangian Eulerian (ALE) tech-
nique to evaluate the effectiveness of FE modeling for esti-
mating the cutting forces in ball-end milling. The milling
forces are modeled using a unified mechanics of the cutting
approach, which is based on the shear stress, friction coeffi-
cient and chip thickness ratio provided through the orthogonal
cutting process. Two-dimensional (2D) FE models of the or-
thogonal cutting are designed for estimating the milling forces
using this approach, and explicit dynamic thermo-mechanical
analyses are performed to determine the orthogonal cutting
data from a set of cutting and material parameters. The oblique
transformation approach is used to carry the orthogonal cut-
ting data to the milling cutter geometry. Simulations are nu-
merically and analytically carried out for machining of
20NiCrMo5 material with a tungsten carbide tool and
the estimated forces are compared to measured ones.
The estimation of milling forces is accurately achieved
by the unified mechanics of cutting approach with orthog-
onal cutting data based on the ALE technique using
Eulerian-Lagrangian boundaries. Good agreements be-
tween the estimated and measured outcomes reveal an
obvious knowledge of an efficient and accurate FE model
for determining the ball-end milling forces.

Keywords ALE technique . Ball-endmilling . Cutting
forces . FEmodeling . Orthogonal cutting

1 Introduction

The accuracy of numerical estimation of the machining vari-
ables such as shear stress, friction angle and chip thickness
ratio is of vital importance for analytically estimating the cut-
ting forces in ball-end milling processes. Workpiece flow
stress, thermal and mechanical properties, friction and heat
transfer parameters, material fracture criterion and modeling
approach highly influence the validity of the outcomes esti-
mated from the cutting process based on the finite element
(FE) method. Therefore, there is uncertainty about the effec-
tiveness of FE-based cutting simulations. It is necessary to
build more efficient FE models for estimating the accurate
process variables.

Estimations of cutting forces are considered to calculate
tool deflection and wear, workpiece deflection and surface
errors in addition to identifying the strengths of jigs and fix-
tures and the power requirements. The mechanistic model is
frequently utilized for estimating the cutting force [1–4], sur-
face error [5] and tool wear [6], where the cutting force coef-
ficients are approximated by curve fit to experimental cutting
forces. Uriarte et al. [7] extended the mechanistic model to
estimate the cutting forces in micro-scale machining of AISI
H13 tool steel with two-fluted carbide milling cutters. The
mechanistic model requires a great deal of experiments and
is implementable for a particular tool–workpiece combination.
It is not so practical in ball-end milling because of the use of
milling cutters with complex geometry. To avoid such limita-
tions, Budak et al. [8] offered a unified mechanics of cutting
approach for estimating the cutting forces, which was based
on a cutting database extracted from orthogonal cutting
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experiments.Wan et al. [9] developed a unified force model to
determinate the shear stress and friction angle etc. by
transforming the experimental milling forces into a local co-
ordinate system. Lee and Altıntaş [10] improved the unified
mechanics approach for ball-end milling. They used the clas-
sical oblique cutting method to carry the orthogonal cutting
data to ball-end milling edge geometry. Wei et al. [11] sug-
gested a method considering the shearing and plowing mech-
anisms for estimating the cutting forces in ball-end milling of
sculptured surfaces. Cao et al. [12] studied some aspects of the
cutter eccentricity to precisely estimate the cutting forces in
ball-end milling.

FE modeling-based techniques have been commonly uti-
lized to study cutting forces in conventional milling processes
[13]. As it is known, there are two main formulations in FE
simulations of deformation processes: Eulerian and
Lagrangian. The FE mesh deforms with the material in
Lagrangian formulation. In Eulerian formulation, the mesh is
stationary spatially, and thus mesh distortion does not occur.
In those analyses, implicit and explicit integration approaches
are utilized for time discretization. The implicit approach is
applied to solve linear static problems whereas the explicit
approach is appropriate for nonlinear dynamic situations.
Prasad [14] introduced a FE model to consider the residual
stress on the workpiece in the orthogonal cutting of the
20NiCrMo5 steel. This model was based on the explicit inte-
gration approach with Lagrangian boundary condition.
Miguélez et al. [15] presented a plane-strain model to analyze
shear banding in machining of Ti6Al4V material using 2D FE
code with Lagrangian formulation. Duan and Zhang [16] con-
structed an orthogonal cutting model to accurately simulate a
high-speed cutting process. The model was based on the im-
plicit Lagrangian formulation which has a stable remeshing
property. Other researches using the Lagrangian approach
were performed by Ye et al. [17], Ducobu et al. [18] and
Zhang et al. [19]. However, the Lagrangian approach requires
a chip separation criterion. Thus, a variety of criteria such as
effective strain criterion and strain energy density are utilized
for chip formation simulations. On the other hand, the
Eulerian formulation is applied to avoid the use of a failure
criterion for chip formation. Strenkowski et al. [20] used the
Eulerian FE technique for estimating the force components
and chip flow angle when orthogonal cutting AISI 1020 steel.
Raczy et al. [21] presented an Eulerian FE model with two
different material models, elastic-plastic hydrodynamic and
Johnson–Cook (J-C), for modeling orthogonal cutting of pu-
rity copper. The Arbitrary Lagrangian Eulerian (ALE) formu-
lation is a relatively new modeling technique used in analyz-
ing nonlinear situations, involving the Lagrangian and
Eulerian ones without their disadvantages. During adaptive
meshing, a smooth mesh in the ALE domain is reproduced
by utilizing appropriate parameter settings and mesh distribu-
tion, and analysis parameters such as density, energy and

thermo-mechanical variables are adapted from the old mesh
to the renewed one. The mesh quality is controlled by contin-
uous meshing and advection as the FE analysis progresses.
The ALE models have been utilized in cutting simulations
by Arrazola and Özel [22], Adetoro and Wen [23] and
Aydin [24].

As can be seen from the above literature, Lagrangian,
Eulerian and ALE formulations are commonly employed in
FE modeling of machining. The capabilities of FE models
should be taken into consideration to obtain the satisfactory
results of process variables. The present study analyzes the
capabilities of FE modeling approaches having two different
ALE techniques which are developed to precisely and realis-
tically estimate ball-end milling forces. For that purpose, ex-
plicit dynamic thermo-mechanical analyses are carried out to
study the influences of FE modeling involving distinct ALE
approaches when simulating cutting of 20NiCrMo5 steel with
continuous chip formation. Relying upon the study of Lee and
Altıntaş [10], the milling forces are analytically modeled from
the orthogonal cutting data. The capabilities of the numerical
approaches are demonstrated by the comparison of the esti-
mated and measured force components. The simulation results
indicate that the predictive approach, namely unified mechan-
ics of cutting approach, together with orthogonal cutting data
identified numerically from the ALE technique with Eulerian–
Lagrangian boundaries, can more precisely estimate milling
force components for a ball-end milling cutter.

2 FE modeling of cutting process

In this study, two different plane-strain ALE FE models with
the FE code ABAQUS/Explicit have been developed for the
identification of the milling forces from orthogonal cutting
simulations and the unified mechanics of cutting approach.
Firstly, an ALE FE model with Lagrangian boundaries was
established. In this approach, the mesh was connected to the
material and it followed the material throughout the simula-
tion. This technique needs no initial chip geometry for metal
cutting simulation. However, high mesh distortions are a mat-
ter of concern for Lagrangian formulation. Besides, a chip
separation criterion has to be defined. Secondly, an ALE FE
model with Eulerian–Lagrangian boundaries was designed.
This technique reduces the typical element distortion problem
of the Lagrangian approach, but requires an initial chip shape.
A criterion was not used for chip separation in this FE model.

The cutting process causes large deformations, resulting in
mesh distortion and termination of the FE analysis. Therefore,
it is tremendously significant to employ adaptive meshing
with fine-tuned parameters. In this study, the frequency was
taken as 1 for remeshing. During each adaptive meshing in-
crement, the new mesh was constructed by performing five
remeshing sweeps and then the solution variables were
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mapped to the new mesh to reduce element distortion. For the
mesh-update procedure, uniform mesh smoothing was used
and the new mesh was estimated from the current node posi-
tions. The curvature refinement was taken as 2 to drag nodes
to areas where the mesh density was decreased. A volume-
weighted average algorithm was utilized for the relocation of
the nodes when large mesh distortions occurred. Because of
its computational efficiency, an element center projection al-
gorithm with a second order was chosen for the stress update.

The explicit dynamic thermo-mechanical FE models were
developed by including thermal and mechanical properties pre-
sented in Table 1. The tungsten carbide tool was modeled as a
rigid body while the workpiece was defined as a deformable
body. Table 2 summarizes the cutting parameters and tool ge-
ometry. For all cutting conditions, the chip was supposed as
continuous. The workpiece material was 20NiCrMo5 steel.
The material behavior of the workpiece was described by the
J-C model [25] as proposed by Stenberg and Proudian [26].

σ ¼ 490þ 600 εpl
� �0:21h i
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 !" #
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Where, σ is the flow stress (MPa), εpl is the plastic strain,

ε ̇
pl
is the plastic strain rate, ε ̇0 is the reference strain rate

(1.0/s1) and T is the temperature of the workpiece material
(°C).

The workpiece and tool models were meshed using the
quadrilateral elements with reduced integration and hourglass
control. To model large deformations expected in the chip,
three different mesh sizes were considered in the ALE FE
models, namely meshx1, meshx2 and meshx3. Table 3 shows
the values of the mesh sizes. The tool was also composed of
1195 four-node plane-strain elements with 1266 nodes.

2.1 ALE FE model with Lagrangian boundaries

A schematic representation of the ALE FE model using
Lagrangian boundaries for the orthogonal cutting simulations
is given in Fig. 1. The bottom edge of the workpiece was fully
restrained against any displacement. The tool was constrained
both rotationally and translationally in the y direction at the

reference node while a translational motion was given in the
negative x direction. A parting line was defined for chip
separation.

The adaptive mesh domain with Lagrangian boundaries
was defined by selecting the whole workpiece. Due to
Lagrangian formulation, a chip formation criterion was also
introduced to perform realistic simulations. The used numer-
ical approach was a combination of the progressive shear and
ductile damage initiation criterion. According to this ap-
proach, the material begins to deform when the shear strain
comes to the critical plastic strain value. In this study, the
critical plastic strain adopted to govern the damage initiation
was taken as 1.5 [14].

The tool/chip contact was described between the chip and
the outer surface of the tool. In the normal direction, a penalty-
based hard contact was applied to model the contact along the
tool/chip interface. In the tangential direction, the Coulomb
friction model, with a friction coefficient of 0.4 reported by
Prasad [14], was used without a shear stress limitation since
the chip was defined as a node-based surface.

2.2 ALE FE model with Eulerian–Lagrangian boundaries

The ALE FE model using Eulerian–Lagrangian boundaries
needs the predefined chip geometry. Figure 2 schematically
shows the boundary conditions for the workpiece and tool
geometries. The workpiece was permitted to move horizon-
tally from the left to the right whereas it was arrested to ensure
the stability in the y direction. The cutting tool was constrained
on its top and right edges.

The workpiece was designed as a 2D shell having
Lagrangian boundaries at its top and bottom edges and
Eulerian boundaries at the entry-flow, chip-flow and exit-
flow sides. In this model with Eulerian–Lagrangian bound-
aries, a chip separation criterion was not used since the chip
formation was simulated through plastic flow of the work-
piece material. The chip flow was restricted at a vertical loca-
tion since the chip was described with the Eulerian boundary
at its upper side and the Lagrangian boundary from other
sides.

The normal contact along the tool/chip interface was
modeled by defining the penalty-based hard contact. For the

Table 1 The material properties
of the workpiece and tool [26, 27] Property Workpiece (20NiCrMo5) Tool (tungsten carbide)

Density (kg/m3) 7800 14,500

Poisson’s ratio 0.3 0.227

Young’s modulus (Pa) 2.1 × 1011 5.4 × 1011

Thermal conductivity (W/m °C) 47.7 84 (20 °C)

63 (1000 °C)

Specific heat(J/kg °C) 556 220

Thermal expansion (1/°C) 1.2 × 10−6 5.8 × 10−6
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tangential direction, a modified version of the Coulomb fric-
tion model was applied to define contact pair interaction,
where a shear stress limit was used.

τp xð Þ ¼ τmax when μσn xð Þ≥ τmax

τp xð Þ ¼ μ σn xð Þ when μσn xð Þ < τmax

�
ð2Þ

Where, τp and σn are shear and normal contact stress, re-
spectively, τmax is the shear stress limit and μ is the friction
coefficient. Here, shear stress limit of 210 MPa and friction
coefficient of 0.4 were used [14].

3 Cutting force modeling of ball-end milling process

The geometry of the ball-end milling cutter and the cutting
forces are illustrated in Fig. 3. The flutes have a helix angle
(β0) at the transition from the hemispherical piece into the
cylindrical one. Due to the variation of the local cutter radius
towards the spherical tip in the Z direction, the local helix
angle changes.

To model the ball-end milling forces using the unified me-
chanics of cutting approach, an orthogonal cutting database
that characterizes the tool–workpiece pair is established using
the orthogonal cutting model [8]. In this study, four different
steps are followed to calculate the ball-end milling forces
using the unified mechanics of cutting approach. In the first
step, the hemispherical piece of the helical ball-end milling
cutter is partitioned into a series of elementary disks along its
axis, whose differential length is dzj,i. The cutting actions of
the disc segments are considered to be oblique cutting

processes with an inclination angle equal to the local helix
angle (βj , i(ψ)) and a normal rake angle at the hemispherical
piece of the milling cutter(αn , j , i(ψ)), where index j,i denotes
the ith disc segment of the jth flute. In the second step, the chip
thickness for each disc segment is determined. In the third
step, the orthogonal cutting database is transformed to oblique
cutting edge geometry using the oblique transformationmodel
[8]. In the last step, the total instantaneous cutting force acting
on the milling cutter is estimated by numerical integration.

The local cutter radius (rj , i(ψ)) and local helix angle (βj , i(ψ))
at axial depth z are expressed in the following form [10]:

r j;i ψð Þ ¼ r0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− ψ cot β0ð Þ−1½ �2

q
r0

0≤z < r0
z ≥ r0

(
ð3Þ

β j;i ψð Þ ¼ tan−1
r j;i ψð Þ
r0

tan β0ð Þ
� �

0≤z < r0

β0 z ≥ r0

8<
: ð4Þ

Where, r0 is the spherical radius of the milling cutter. ψ
represents the lag angle between the tip of the flute (z=0)
and axial depth z because of the helix angle (β0).

The elementary tangential force (dFt , j , i(ϕ)), radial force
(dFr , j , i(ϕ)) and axial force (dFa , j , i(ϕ)) acting on the milling
cutter are formulated by [10]

dF t; j;i ϕð Þ ¼ K te dS j;i þ K tc; j;i tn; j;i ϕ j;i;κ j;i
� �

dbj;i

dF r; j;i ϕð Þ ¼ Kre dS j;i þ Krc; j;i tn; j;i ϕ j;i;κ j;i
� �

db j;i

dFa; j;i ϕð Þ ¼ Kae dS j;i þ Kac; j;i tn; j;i ϕ j;i;κ j;i
� �

dbj;i

ð5Þ

Table 2 Tool geometry and
cutting parameters used in
orthogonal cutting

Tool geometry Rake angle, α (°) 6

Clearance angle, γ (°) 6

Cutting edge radius, rβ (μm) 20

Cutting parameters Cutting speed, Vc (m/s) 0.25–0.75–1.25–2.25–3.5

Undeformed chip thickness, t (mm) 0.025–0.05–0.075–0.1–0.125

Depth of cut, a (mm) 3

Table 3 Number of elements in the workpiece and element size in the chip for the ALE FE models

Model Mesh size Number of elements
in the workpiece
(t = 0.1 mm)

Element size in the chip (mm)

Minimum Maximum

ALE FE model with
Lagrangian boundaries

meshx1 6218 5 × 10−3 1 × 10−2

meshx2 8318 2.5 × 10−3 5 × 10−3

meshx3 12,368 1.25 × 10−3 2.5 × 10−3

ALE FE model with
Eulerian–Lagrangian boundaries

meshx1 1619 5 × 10−3 1 × 10−2

meshx2 2457 2.5 × 10−3 5 × 10−3

meshx3 4435 1.25 × 10−3 2.5 × 10−3
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Where, Ktc , j , i, Krc , j , i and Kac , j , i represent the tangential,
radial and axial instantaneous shearing force coefficients, re-
spectively, and Kte, Kre and Kae are the corresponding plowing
force coefficients. dbj,i is the chip width. dSj,i is the length of
the curved cutting edge. The instantaneous undeformed chip
thickness normal to the cutting edge is expressed as

tn; j;i ϕ j;i;κ j;i
� � ¼ st sin ϕ j;i

� �
sin κ j;i
� � ð6Þ

Where, st is the feed rate per tooth and κj , i= sin
‐1(rj , i(ψ)/

r0) is the axial immersion angle. The radial immersion angle at
axial depth z is calculated by

ϕ j;i ¼ ϕþ 2π j‐1ð Þ
.
N f−z tan β0ð Þ

.
r0 ð7Þ

Where, j is the flute index and Nf is the number of flutes. ϕ
is the rotation angle at axial depth z=0 of the reference flute
(j=1).

The total X and Y cutting forces for the jth flute at a certain
rotation angle ϕ are formulated as follows:

Fx; j ϕð Þ ¼ ∫
z1

z2h
−dF r; j;i sin κ j;i

� �
sin ϕ j;i

� �
−dF t; j;i cos ϕ j;i

� �
−dFa; j;i cos κ j;i

� �
sin ϕ j;i

� �i
dz j;i

Fy; j ϕð Þ ¼ ∫
z1

z2h
−dF r; j;i sin κ j;i

� �
cos ϕ j;i

� �þ dF t; j;i sin ϕ j;i

� �
−dFa; j;i cos κ j;i

� �
cos ϕ j;i

� �i
dz j;i

ð8Þ

Where, z1 and z2 are the lower and upper axial boundaries.
Eventually, the contributions of the entire flutes are summed
to find the total Fx(ϕ) and Fy(ϕ) at a rotation angle ϕ.

Fx ϕð Þ ¼ ∑
j¼1

N f

Fx; j ϕð Þ Fy ϕð Þ ¼ ∑
j¼1

N f

Fy; j ϕð Þ ð9Þ

4 Determination of shearing and ploughing force
coefficients

The average force-based method, the unified mechanics of
cutting approach, has been used to establish the shearing and
ploughing force coefficients [8]. On the other hand, Gonzalo
et al. [28] presented a different approach to obtain the force
coefficients from FE models without any experimental works.
In the present study, a set of orthogonal cutting simulations
was carried out at various undeformed chip thicknesses (t) and
cutting speeds (Vc) but at constant depth of cut (a) to estimate
the shearing and ploughing force coefficients. Then, the tan-
gential force (Ft) and radial force (Fr) were determined from
the orthogonal cutting simulations and expressed as follows:

F t ¼ K tc a t þ K te a
F r ¼ Krc a t þ Kre a

ð10Þ

Where, Kte and Kre are calculated from the force axis inter-
cept of the force-undeformed chip thickness functions, which
are presented in Eq. (10). Kae is taken as 0 in oblique cutting.

Fig. 1 ALE FE model with
Lagrangian boundaries
(dimensions in mm)
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Because of the variation of rj,i(ψ), βj,i(ψ) and κj,i at the
hemispherical piece of the milling cutter, Ktc, Krc and Kac

can be expressed by the instantaneous shearing force

coefficients Ktc,j,i, Krc,j,i and Kac,j,iwhich are carried to oblique
cutting edge geometry by utilizing the following oblique
transformation model and the orthogonal cutting data:

K tc; j;i ¼ τ s
sin ϕn; j;i

� �
 !

cos βn; j;i−αn; j;i ψð Þ� � þ tan ηcð Þ sin βn; j;i

� �
tan β j;i ψð Þ� �

c

� �" #

Krc; j;i ¼ τ s
sin ϕn; j;i

� �
cos β j;i ψð Þ� �

 !
sin βn; j;i−αn; j;i ψð Þ� �

c

� �" #

Kac; j;i ¼ τ s
sin ϕn; j;i

� �
 !

cos βn; j;i−αn; j;i ψð Þ� �
tan β j;i ψð Þ� �

− tan ηcð Þ sin βn; j;i

� �
c

� �" # ð11Þ

where,

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2 ϕn; j;i þ βn; j;i−αn; j;i ψð Þ� �þ tan2 ηcð Þsin2 βn; j;i

� �q
:

where τs is the shear stress in the shear plane. For simplicity
in Eq. (11), the Stabler rule [29] is used in which the chip flow

angle (ηc) is assumed to be equal to βj,i(ψ). βn,j,i and ϕn,j,i are
the friction and shear angles in the normal plane, respectively.

The normal rake angle along the hemispherical piece of the
milling cutter (αn , j , i(ψ)) can be found by [8]:

tan αn; j;i ψð Þ� � ¼ tan αr; j;i ψð Þ� �
cos β j;i ψð Þ� � ð12Þ

Fig. 2 ALE FE model using
Eulerian–Lagrangian boundaries
(dimensions in mm)
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Fig. 3 Cutting forces and geometry of the ball-end milling cutter
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Where, the radial rake angle along the hemispherical piece
(αr , j , i(ψ)) varies as follows: [30]

αr; j;i ψð Þ ¼ αrsin κ j;i
� �

αr

0≤z < r0
z ≥ r0

�
ð13Þ

Where, αr is the radial rake angle of the cylindrical piece of
the milling cutter.

5 Results and discussion

5.1 Analysis of orthogonal cutting data

To study the effect of ALE FE models on the estimation accu-
racy of ball-end milling forces, numerical simulations have
been conducted. The von Mises stress (σvM) was studied to
carefully select an appropriate mesh size for the numerical sim-
ulations. Figures 4 and 5 show typical examples of the σvM

distribution in the workpiece for the ALE FE models. A high-
stress field due to shearing was achieved in the primary shear
zone extending from the tool tip to the free surface. The stress
resulting from additional shearing in the secondary deformation
zone was lower than that in the primary deformation zone.

As discussed earlier, this study deals with the formation of
a continuous chip. The mesh size in the chip was varied by
considering meshx1, meshx2 and meshx3 values in the chip
thickness direction. As shown in Fig. 4a and b, the ALE FE
simulations with Lagrangian boundaries were carried out
without severe mesh distortion using meshx1 and meshx2
values. In case of meshx3 with a finer mesh size, the ALE
FE simulation with Lagrangian boundaries was unable to run
beyond 4.5 × 10−4 s since a high mesh distortion was gener-
ated during the cutting process, as seen in Fig. 4c. The ALE
FE simulations with Eulerian–Lagrangian boundaries were
successfully carried out at all the mesh sizes, as seen in
Fig. 5. Table 4 shows the σvM values obtained in a thin layer
near the tool/chip interface of the sticking region for both ALE

Fig. 4 The σvM distribution
estimated from the ALE FE
model with Lagrangian
boundaries (Vc = 3.5 m/s,
t = 0.1 mm): ameshx1, bmeshx2
and c meshx3
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FE models. In the ALE FE simulations with Lagrangian
boundaries, the meshx2 provided the lower stress value than
that obtained from the meshx1. This difference can be the
consequence of a finer mesh size. From the ALE FE simula-
tions with Eulerian–Lagrangian boundaries using three differ-
ent mesh sizes, it was found that there was a slight difference
among the stress values. When the stress values calculated
from each ALE FE model were also compared, it was deter-
mined that the ALE FE model with Eulerian–Lagrangian

boundaries caused higher stress values since the stress distri-
bution was more concentrated along the shear plane. Based on
the obtained results, it can be deduced that the meshx2 with an
element size varying from 2.5 × 10−3 to 5 × 10−3 mm was
more suitable for the ALE FE simulations. Therefore, the or-
thogonal cutting data were determined using the meshx2
value.

The ALE FE simulations were carried out in a 2.6 GHz
computer with 8 GBRAM. Table 4 shows the variations of the

Fig. 5 The σvM distribution
estimated from the ALE FE
model with Eulerian–Lagrangian
boundaries (Vc = 3.5 m/s,
t = 0.1 mm): ameshx1, bmeshx2
and c meshx3

Table 4 Computational time and
σvM values obtained in the FE
simulations

Model Mesh
size

Simulation
time (s)

Computational time
(h:min:s)

σvM
(MPa)

ALE FE model with Lagrangian boundaries meshx1 1 × 10−3 00:49:21 683

meshx2 1 × 10−3 01:16:36 566

meshx3 1 × 10−3 Simulation failed –

ALE FE model with Eulerian–Lagrangian
boundaries

meshx1 2.5 × 10−3 00:59:33 911

meshx2 2.5 × 10−3 02:06:59 915

meshx3 2.5 × 10−3 11:18:25 917
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computational time with respect to the simulation time for the
ALE FE models and mesh sizes. It can be observed that the
computational time increases with decreasing mesh size. In
the ALE FE simulation with Lagrangian boundaries using
the meshx2 value, the computational time was achieved as
1 h 16 min 36 s. When used, the ALE FE model with
Eulerian–Lagrangian boundaries, the computational time
reached 2 h 6 min 59 s due to modeling based on the
Eulerian–Lagrangian boundaries.

From the simulations, the chip thickness (tc) and the forces
in the x and y directions, which correspond to Ft and Fr, re-
spectively, were fundamentally estimated. These estimated
variables were used to calculate the orthogonal cutting data.
Figure 6 illustrates the convergence histories of the cutting
forces at Vc =3.5m/s and t=0.125mm. The simulation times
were determined by considering the stable range of the cutting
forces since the transient forces occurred during the chip

formation. The force patterns obtained from each ALE FE
model were considerably different from each other in both
magnitude and nature. This implied that the boundaries of
the established ALE FE models affected the estimated force
distributions. From the force variations in Fig. 6a achieved by
implementing the ALE technique with Lagrangian bound-
aries, the average Ft and Fr were found as 614.8 and
118.1 N, respectively. By utilizing the ALE technique with
Eulerian–Lagrangian boundaries, the average Ft and Fr were
calculated as 702.4 and 179.5 N from the force distributions in
Fig. 6b, respectively. When the cutting forces estimated from
the ALE technique with Lagrangian boundaries were com-
pared to those from the ALE technique with Eulerian–
Lagrangian boundaries, the lower average force values were
achieved by implementing the ALE technique with
Lagrangian boundaries. This magnitude difference would
mainly affect the plowing force parts (KtedSj , i, KredSj , i) of
the force model in Eq. (5).

Figures 7 and 8 show Ft and Fr versus the undeformed chip
thickness for each ALE technique. A linear relationship be-
tween the forces and undeformed chip thickness was achieved
by curve fitting to the orthogonal cutting forces. Also, the
ploughing forces did not change considerably with increasing
cutting speed for 20NiCrMo5 steel. This means that average
values of the ploughing force coefficients can be treated in the
analysis.

The average and the standard deviation of the ploughing
force coefficients found from the ALE technique with
Lagrangian boundaries were Kte = 19.74 N/mm with
σ(Kte) =1.8 and Kre =23.07 N/mm with σ(Kre) =1.66, respec-
tively. Using the ALE technique with Eulerian–Lagrangian
boundaries, the average and the standard deviation of the
ploughing force coefficients were achieved as Kte = 25.18 N/
mm with σ(K te) = 2.19 and K re = 38.47 N/mm with
σ(Kre) = 4.52, respectively. When the ploughing force

0 0.2 0.4 0.6 0.8 1

x 10
-3

0

100

200

300

400

500

600

700

800

Time Increment (s)

Fo
rc

e 
(N

)

a
F

t

F
r

0 0.5 1 1.5 2 2.5

x 10
-3

0

100

200

300

400

500

600

700

800

Time Increment (s)

Fo
rc

e 
(N

)

b F
t

F
r

Fig. 6 Time histories of the cutting forces for the ALE FE models: a
Lagrangian and b Eulerian–Lagrangian boundaries

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
0

100

200

300

400

500

600

700

Undeformed chip thickness (mm)

Fo
rc

e 
(N

)

Ft

Fr

V
c=0.25 m/s

V
c=0.75 m/s

V
c=1.25 m/s

V
c=2.25 m/s

V
c=3.5 m/s

Fig. 7 The estimated Ft and Fr from the ALE technique with Lagrangian
boundaries

1474 Int J Adv Manuf Technol (2017) 92:1465–1480



coefficients achieved from the simulations using two different
approaches were compared, there were significant differences
between the coefficients obtained from the ALE technique with
Lagrangian boundaries and those estimated by the ALE tech-
nique with Eulerian–Lagrangian boundaries. The differences
were −5.44 N/mm (−21.6%) in Kte and −15.4 N/mm (−40%)
in Kre. Obviously, the boundaries of the ALE FE models
change the ploughing force coefficients.

Figure 9 shows the variation tendency of the chip thickness
ratio in orthogonal cutting (rc) with the Vc and ALE techniques.
As it can be seen from the figure, rc exponentially varies with
Vc for 20NiCrMo5 steel and was defined as exponential func-
tions of Vc for both the ALE techniques as follows:

rc ¼ 0:7382 Vc
0:0503

0:4684 Vc
0:11

Lagrangianð Þ
Eulerian‐Lagrangianð Þ

�
ð14Þ

The shear stress in the shear plane (τs) and friction angle at
the rake face (βa) were estimated by applying the orthogonal
cutting theory introduced in Ref. [8]. The identified values are
presented in Table 5. τs and βa slightly change withVc for each
ALE FE model. The slight variation in τs can be attributed to
the opposite influences of the heat and the strain rate in the
primary shear zone. In other words, after the material is de-
formed in the primary shear zone, the high values of the strain
rate occur and the shear stress significantly increases with the
strain rate. High cutting speed also causes low stress values in
the primary shear zone.

Based on the above explanation, average values were deter-
mined for τs and βa. From the ALE technique with Lagrangian
boundaries, the average value and percentage difference of τs
and βa were calculated as τs =685.6 MPa with ε(τs) =1.71 and
βa=25.6

° with ε(βa)=0.98, respectively. Using the ALE tech-
nique with Eulerian–Lagrangian boundaries, the average value
and percentage difference of τs and βa were found as
τs = 700.3 MPa with ε(τs) = 3.69 and βa = 29.3° with
ε(βa)=7.43, respectively. Consequently, the average τs and βa
found by the ALE technique using Eulerian–Lagrangian
boundaries were slightly larger than those obtained from the
ALE technique using Lagrangian boundaries. It can be noted
that τs and βa correspond to the flow stress σð Þ and the friction
coefficients (μ), respectively, which are presented in
“Section 2.” That is, the FE modeling of the orthogonal cutting
process can be implemented to determine the flow stress and
the friction at the tool/chip interface for machining conditions.

5.2 Simulation and experimental verification

The ball-end milling experiments have been conducted for
analyzing the capabilities of the presented ALE FE models
by comparing the measurements with the estimations
achieved by numerical integration of Eq. (8). The milling ex-
periments were performed on 20NiCrMo5 steel without
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Table 5 τs and βa estimated from cutting simulations

Model Vc (m/s) τs (MPa) βa (°)

ALE FE model with
Lagrangian boundaries

0.25 710.2 25.0

0.75 690.6 25.9

1.25 673.4 25.6

2.25 674.8 25.5

3.5 679.2 25.8

Average 685.6 25.6

ALE FE model with
Eulerian–Lagrangian
boundaries

0.25 756.9 25.4

0.75 709.2 27.8

1.25 690.0 29.6

2.25 675.5 31.4

3.5 669.9 32.2

Average 700.3 29.3
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lubrication for three different cutting speeds Vc = 1, 2 and 3 m/
s and feed rates st = 0.025, 0.05 and 0.075 mm/flute at the axial
depth of cut ap =3 mm. The entry angle was ϕst = 0

° and the
exit angle was defined by ϕex=π. The cutting tools were two-
fluted carbide milling cutters with helix angle β0 =30

°, the
radial rake angle αr = 7

°, the normal rake angle αn =6
° and

radius r0 =6 mm. The forces, namelyFx and Fy, were recorded
by a Kistler dynamometer (9257B) on a Quaser MV154C
three-axis vertical machining center. The experimental setup
is presented in Fig. 10.

The ploughing force coefficients Kte and Kre were calculat-
ed from the orthogonal cutting simulations and remained con-
stant for all milling simulations. The shearing force coeffi-
cients Ktc,j,i, Krc,j,i and Kac,j,i were calculated using Eq. (11)
with τs, βa, rc and ηc. Figures 11, 12 and 13 show the varia-
tions of the shearing force coefficients Ktc,j,i, Krc,j,i and Kac,j,i

with ap. The coefficients which were estimated from the ALE
technique with Lagrangian boundaries are given in Figs. 11a,
12a and 13a. The results obtained by applying the ALE tech-
nique with Eulerian–Lagrangian boundaries are presented in
Figs. 11b, 12b and 13b. It was observed that the estimated
coefficients Ktc,j,i, Krc,j,i and Kac,j,i were not constant along ap
since they depend on βj , i(ψ) which varies from the nominal
value to zero along the hemispherical piece. Ktc,j,i and Krc,j,i

mostly revealed a decrease with an increase in ap while an
increase of ap caused a rising trend on Kac,j,i.

The relative differences between the coefficient values
were computed to investigate the effect of the ALE techniques
on Ktc,j,i, Krc,j,i and Kac,j,i. The results showed that the lowest
relative differences between the estimations of the different
ALE techniques were −3.4, −18.1 and 10.7% at Vc = 1 m/s
for the coefficients Ktc,j,i, Krc,j,i and Kac,j,i, respectively. At
Vc = 2 m/s, the lowest relative differences of the coefficients
Ktc,j,i, Krc,j,i and Kac,j,i were found to be −2.8, −17.6 and
11.1%, respectively. At Vc = 3 m/s, the lowest relative differ-
ences of the coefficients Ktc,j,i, Krc,j,i and Kac,j,i decreased to
−2.6, −17.4 and 11%, respectively. Besides, the greatest rela-
tive differences of the estimated coefficients Ktc,j,i, Krc,j,i and
Kac,j,i from the different ALE techniques reached −4.8, −19.2
and 14.3% at Vc = 1 m/s, respectively. At Vc = 2 m/s, the
greatest relative differences of the coefficients Ktc,j,i, Krc,j,i

and Kac,j,i were −4.1, −18.7 and 15.3% respectively. At
Vc = 3 m/s, the greatest relative differences of the coefficients
Ktc,j,i, Krc,j,i and Kac,j,i were found to be −4.2, −18.8 and
15.6%, respectively. It can be concluded that the relative dif-
ferences between the coefficientsKtc,j,i estimated from the two
different ALE techniques were lesser than 5%. The relative
differences between the coefficients Krc,j,i obtained from the
ALE technique with Lagrangian boundaries and the ALE
technique with Eulerian–Lagrangian boundaries were as high
as about 20% for three different cutting speeds. The relative
discrepancies between the estimated coefficients Kac,j,i were
approximately within 11–16%. Consequently, the coefficients
Ktc,j,i estimated with the different ALE techniques were close
to each other, but the coefficients Krc,j,i and Kac,j,i obtained
from both the ALE techniques were relatively different.

Table 6 shows the comparisons between the estimated and
measured average forces. The absolute percentage deviation
between the average values of the estimations and measure-
ments has been used for evaluating the performance of the FE
models. There were notable discrepancies between the esti-
mated outcomes from both models. When using the predictive
cutting force model with orthogonal cutting data based on the
ALE technique using Lagrangian boundaries, the mean abso-
lute deviations of the estimated Fx and Fy were found as 21.6
and 24.6%, respectively. The highest percentage deviation
obtained was lesser than 30% for the estimated forces. The
mean absolute deviations of the estimated Fx and Fy based on
the predictive force model with orthogonal cutting data iden-
tified from the ALE technique using Eulerian–Lagrangian
boundaries were 9.9 and 12.6%, respectively. The highest
percentage deviation obtained was lesser than 20% for the
estimated forces, apart from Test 9. It can be seen from the
results that the estimated forces based on the predictive force
model with orthogonal cutting data identified from the ALE
technique using Eulerian–Lagrangian boundaries were closer
to the measured forces when compared with those obtained by

b 
Charge amplifier

DynoWare 
software 

a 

Dynamometer 

Milling cutter 

Workpiece 

Fig. 10 Experimental setup. aWorkpiece mounted on the dynamometer.
b Charge amplifier and DynoWare software
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the force model with orthogonal cutting data based on the
ALE technique with Lagrangian boundaries.

The estimated and measured instantaneous Fx and Fy pro-
files have also investigated to see the effectiveness of the
ALE FE models. Figure 14 shows the estimated and mea-
sured Fx and Fy variations in slot-milling operation at
Vc = 1 m/s and st = 0.075 mm/flute. In the force model with
orthogonal cutting data determined numerically from the
ALE technique with Eulerian–Lagrangian boundaries, the
percentage deviation and accuracy were found as about 18
and 82% for both the average Fx and Fy, respectively. When
using the predictive force model based on the ALE technique
with Lagrangian boundaries, the discrepancy between the es-
timated and measured data reached up to 29.8% for average
Fx and 27.6% for average Fy. Although the same workpiece
and tool properties were used for both the FE models, the
deviations between the outcomes obtained from experiment
and estimated by the ALE technique with Lagrangian bound-
aries were relatively large, and also the estimated forces did
not match exactly with the measured forces through rotation
angle.

In Fig. 15, the estimated and measured Fx and Fy varia-
tions for slot-milling operation with feed rate st = 0.05 mm/
flute at Vc =2 m/s are shown. The predictive cutting force

model with orthogonal cutting data based on the ALE tech-
nique using Eulerian–Lagrangian boundaries produced a rel-
atively low deviation of 6.9% for average Fx while a dis-
crepancy of 13% between the estimations and measurements
was found for average Fy. Further, the estimated and mea-
sured waveforms were highly consistent in the pattern and
magnitude. In the predictive force model with orthogonal
cutting data evaluated from the ALE technique using
Lagrangian boundaries, the corresponding values in the per-
centage deviation increased by 21.4% for average Fx and
24.2% for average Fy. In other words, there were clear dif-
ferences between the estimations and measurements in terms
of the peak values and patterns. It can be clearly inferred
from the obtained outcomes that the predictive cutting force
approach along with the ALE technique with Eulerian–
Lagrangian boundaries provides quite a high accuracy.

As seen in Fig. 16, in case of a slot-milling operation with
Vc = 3 m/s and st = 0.025 mm/flute, the cutting force patterns,
which were extracted from the predictive force approach
based on the ALE technique using Eulerian–Lagrangian
boundaries, were substantially close to the experimental ones.
The values in percentage deviation for average Fx and Fy were
4.7 and 2.3%, respectively. That is, the estimation accuracies
were as high as 95.3 and 97.7% for average Fx and Fy,
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respectively. It can be deduced that the results estimated from
the predictive approach with orthogonal cutting quantities
based on the ALE technique with Eulerian–Lagrangian
boundaries closely match with those obtained experimentally.
In the predictive approach with machining parameters deter-
mined from the ALE technique with Lagrangian boundaries,
the discrepancy between the estimated and measured data was
found as 15.8% for average Fx and 18.8% for average Fy.
Obviously, these results were far from the obtained data by
the former approach.

In summary, it was found that the accuracy of the force
estimations computed by using the ALE technique with
Eulerian–Lagrangian boundaries was higher than the accura-
cy obtained by the ALE technique with Lagrangian bound-
aries. This difference observed between both the ALE tech-
niques can be attributed to the variation in the boundary con-
ditions within the chip region. Using the unified mechanics of
the cutting approach, the estimated milling forces can be
achieved closer to the measured results because the higher
stress values were generated along the primary shear zone

Table 6 Comparison of estimated and measured Fx and Fy

Test no Cutting speed
Vc, m/s

Feed per tooth ft,
mm/flute

Force
direction

Measured
force, N

Lagrangian Eulerian-Lagrangian

Predicted
force, N

Deviation
ε, %

Predicted
force, N

Deviation
ε, %

1 1 0.025 Fx 160.0 137.6 14.0 171.7 7.3

Fy 216.6 164.0 24.3 198.0 8.6

2 1 0.05 Fx 251.9 194.4 22.8 231.1 8.3

Fy 330.1 244.8 25.8 281.7 14.7

3 1 0.075 Fx 357.9 251.4 29.8 290.9 18.7

Fy 450.2 325.8 27.6 365.7 18.8

4 2 0.025 Fx 163.7 138.5 15.4 172.4 5.3

Fy 206.8 165.2 20.1 198.9 3.8

5 2 0.05 Fx 249.6 196.1 21.4 232.4 6.9

Fy 326.1 247.3 24.2 283.7 13.0

6 2 0.075 Fx 351.0 253.9 27.7 293.0 16.5

Fy 440.9 329.4 25.3 368.7 16.4

7 3 0.025 Fx 165.2 139.1 15.8 173.0 4.7

Fy 204.5 166.0 18.8 199.8 2.3

8 3 0.05 Fx 254.4 197.2 22.5 233.8 8.1

Fy 334.2 248.8 25.6 285.5 14.6

9 3 0.075 Fx 339.5 255.6 24.7 294.9 13.1

Fy 469.9 331.8 29.4 371.4 21.0

Mean absolute
deviation

Fx 21.6 9.9
Fy 24.6 12.6
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in the ALE FE model with Eulerian-Lagrangian boundaries.
In addition, when the feed rate was increased from 0.025 to
0.075 mm/flute at the same cutting speed for each ALE tech-
nique, higher deviations were found. It is evident that the feed
rate is a critical parameter for higher accuracy in the estima-
tion of ball-end milling forces. From these results, it can be
deduced that the orthogonal cutting data can be calculated
with a satisfactory accuracy by applying the ALE technique
with Eulerian–Lagrangian boundaries. The predictive force
model along with the identified orthogonal cutting data can
be utilized for estimating the ball-end milling forces at differ-
ent cutting speed, feed rate and depth of cut conditions. This
signifies that the ALE technique with Eulerian–Lagrangian
boundaries is greatly useful in eliminating the expense of
experimental operations.

6 Conclusions

The presented work emphasizes the significance of ALE tech-
niques to more accurately estimate fundamental cutting quan-
tities from FE modeling of the chip formation process for
estimating the cutting forces in ball-end milling. Two different
models to establish a more realistic database of cutting param-
eters such as τs, βa and rc have been proposed: ALE technique
with Lagrangian boundaries and ALE technique with
Eulerian–Lagrangian boundaries. The following points can
be concluded:

& An obvious knowledge of ALE FE simulations of the
machining process was provided and the information
about the cutting parameters such as τs, βa and rc for ma-
chining of 20NiCrMo5material with tungsten carbide tool
was advanced.

& Comparing the estimated cutting forces with experimental
data, it was found that the unified mechanics of the cutting
approach with the ALE technique using Eulerian–
Lagrangian boundaries decreased the deviation up to
about 5 and 3% for average Fx and Fy, respectively. To
estimate the accurate cutting forces, the capability of the
ALE technique with Eulerian–Lagrangian boundaries was
better than the ALE technique using Lagrangian
boundaries.

& The unified mechanics of cutting approach indicated that
the ball-end milling forces were more correctly captured
by the ploughing and shearing force coefficients obtained
from the ALE technique using Eulerin–Lagrangian
boundaries.

& When the cutting speed was kept constant in slot milling
with the ball-end milling cutter, the predictive force model
based on the ALE FE models produced higher deviations
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as the feed rate increased. Accordingly, the cutting param-
eters have a critical significance on the accuracy of the
ball-end milling force estimations.

& Experimentally, it is very costly to determine orthogonal
cutting data. The obtained results revealed that the ALE
FE model with Eulerian–Lagrangian boundaries can be
adopted as an alternative tool in producing a cutting data-
base with a satisfactory accuracy.
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