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The model of milling force is mainly proposed to predict and analyze the cutting process based on finite element method in this
paper. Firstly, milling finite element model is given based on orthogonal cutting principle, and then the influence laws of cutting
parameters on chip formation are analyzed by using different simulation parameters. In addition, the three-dimensional milling
forces are obtained from finite element models. Finally, the values of milling force by the milling experiment are also compared and
analyzed with the simulation values to verify the feasibility and reasonability. It can be shown thatmilling forcesmatch well between
simulation and experiment results, which can provide many good basic data and analysis methods to optimize the machining
parameters, reduce tool wear, and improve the workpiece surface roughness and adapt to the programming strategy of high speed
machining.

1. Introduction

At present, traditional processing methods almost depended
on experience and processing standards. But with the rapid
advancement of scientific technology, the goal of manufac-
turing technology produces parts correctly in the shortest
time, in the lowest cost, and in the most effective way. Since
the product complexities are increasing and the competitive
product life cycle times are reduced, the most effective
method is to develop a set of virtual simulation systems
for machining process [1, 2]. It leads to the necessity that
finite element method replaces physical machining process
to analyze and optimize cutting parameters.

In cutting process, the relationship between inputs (cut-
ting parameters, tool geometry and material properties,
workpiece geometry and material properties, etc.) and out-
puts (cutting force, cutting temperature, cutting vibration,
surface quality, etc.) can be obtained based on the change of
processing conditions, so the processing scheme can bemod-
ified and machining parameters can be optimized depending
on the simulation results [3, 4]. With the rapid development

of computer technology, finite element simulation has been
developed to study the mechanics of machining, optimiza-
tion of cutting parameters, cutting tool design, and so forth.
The ultimate goal is mainly to eliminate expensive and time
consuming experimental modeling approaches in favor of
simulation models that are capable of producing realistic
results at practical cutting conditions in process design [5–
7]. In addition, FEM permits obtaining the relation between
cutting forces and chip thickness for different cutting speeds
and feed rates. The influences of some important parameters
include the cutting edge radius, rake angle, clearance angle,
depth of cut, and cutting velocity [8–10].

There are some literature researches on this finite element
method in cutting process. Aurich and Bil [11] have presented
a 3D coupled finite element model for the simulation of
segmented chip formation in metal cutting. The generation
of segmentation is achieved by element erase with respect
to damage or by modification of material flow stress data.
Özel et al. [12] have proposed that the modified material
models with strain softening effect are developed to simulate
chip formation with finite element analysis and investigate
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Figure 1: (a) Orthogonal cutting configuration. (b) Decomposition of the workpiece in different zones A, B, and C.

temperature fields for coated inserts. Predicted forces and
tool wear contours are compared with experiments. Bouza-
kis et al. [13] have presented an integrated procedure for
simulating the complicated chip formation. The developed
FEM model capabilities have been demonstrated in terms
of chip flow and morphology in cutting of spur gears as
well as in the four possible cutting variations of helical
gears. Yen et al. [14] have studied estimation of tool wear in
orthogonal cutting using the finite element analysis. Based
on temperatures and stresses on the tool face predicted
by the finite element analysis simulation, tool wear may
be estimated with acceptable accuracy using an empirical
wear model. Therefore, it is feasible and rational that finite
element method can be instead of traditional experimental
method by the comparisons ofmilling force in simulation and
experiment conditions.

Henceforth this paper is organized as follows. Section 2
briefly describes modeling of orthogonal cutting based
on finite element and Johnson-Cook material model. In
Section 3, a detailed study of chip formation and cutting
forces and the comparison of milling forces are analyzed
in simulation and experimental process. In Section 4, some
conclusions from this study are given.

2. Modeling of Orthogonal Cutting Based on
Finite Element

In orthogonal cutting, the material is removed by a cutting
edge that is perpendicular to the direction of relative tool-
workpiece motion. The orthogonal cutting resembles a shap-
ing process with a straight tool and a metal chip is sheared
away from the workpiece. As the edge of tool penetrates into
the workpiece, the material ahead of tool is sheared over
the primary shear zone to form a chip. The chip partially
deforms and moves along the rake face of the tool, which
is called the secondary deformation zone. The friction area,
where the flank of tool rubs the newly machined surface, is
called the tertiary zone [1]. The chip leaves the tool, losing
contact with the rake face of the tool, and the length of

contact zone depends on the cutting speed, tool geometry,
and material properties. In orthogonal milling, the cutting is
assumed to be uniform along the cutting edge; therefore it is
a two-dimensional plane strain deformation process without
side spreading of the material. Hence, the cutting forces are
exerted in the directions of velocity and uncut chip thickness,
which are called feed forces and tangential forces [1, 4]. The
2Dorthogonal cutting configuration and contact zone in two-
dimensional plane are shown in Figure 1(a).

TheFE orthogonal cuttingmodel was created by using the
3D DEFORM software with Lagrangian formulation, which
meansmaterial is attached to themesh,with periodic remesh-
ing to avoid severe element distortion. The cutting pro-
cess requires a coupled thermomechanical analysis, because
mechanical work is converted into heat, causing thermal
strains and influencing the material properties [15]. The
basic geometry of the numerical model and decomposition
zone is shown and simplified into 2D cutting model in
Figure 2(b). According to the assumption, a plane strain finite
element model based on an updated Lagrangian approach
is presented. The wokrpiece is fixed at the lowest contour
and the cutting speed is applied to the tool. The mesh of the
workpiece is divided into three different zones. The layer of
material which will be removed by cutting is composed of
zone A (main part) and zone B (thin bottom layer of 10𝜇m
thickness). The upper limit of zone C corresponds to the
machined surface. The mesh at zone B and zone C is parallel
to horizontal and vertical directions, wherein zone B is an
important part, so its meshed element density is more than
other parts, while the mesh at zone A is characterized by an
inclination angle with the horizontal direction. A sensitivity
analysis is conducted so that the number of elements in
the mesh is large enough, so the workpiece mesh does not
influence the prediction obtained with the FE simulations.
Therefore, the orientation of the mesh is aimed at facilitating
the formation of segmented chip.

The tool is assumed to be rigid and workpiece material
is taken as isotropic, elastic-viscoplastic in the model. The
workpiece consists of four-node isoparametric quadrilateral
plane strain coupled elements.The cutting condition (cutting
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Figure 2: Shape of chips in different cutting condition.

speed 𝑉, uncut chip thickness ℎ
1
, rake angle, and tool edge

radius 𝑟; see Figure 1(b)) depends also on the physical and
mechanical properties of the work-material during machin-
ing, such as mass density and parameters of the Johnson-
Cool law from (1). The simple formulation is adopted here,
frequently used for numerical simulations of machining.
Therefore, the Johnson-Cook (JC) material model is widely
used for analysis of material flow stress, especially for those
materials of which their flow stress is highly influenced by
temperature and strain rate; the influence of stain, strain
rate, and temperature on the flow stress is defined by three
multiplicative yet distinctive terms [14–16]:

𝜎 = (A + B𝜀𝑛) (1 + C ln ̇𝜀
̇𝜀
0

)[1 − (
𝑇 − 𝑇
𝑟

𝑇
𝑚
− 𝑇
𝑟

)

𝑚

] , (1)

where 𝜎 is the equivalent flow stress, 𝜀 is the equivalent
plastic strain, ̇𝜀 is the equivalent plastic strain rate, ̇𝜀

0
is

the reference equivalent plastic strain, 𝑇 is the workpiece
temperature,𝑇

𝑚
is thematerial melting temperature,𝑇

𝑟
is the

room temperature, and other letters are related to workpiece
material from experiment measure.

For the continuous chip, the relation between cutting
force 𝐹 and shear stress 𝜏 in the shear plane (shear band
for the serrated chip formation) can be obtained in stable
mechanical equilibrium [1, 15]; that is,

𝐹 = 𝜏 ⋅ 𝑏𝜔
cos (𝛽 − 𝜔)

cos (𝜑 + 𝛽 − 𝜔) ⋅ sin𝜑
, (2)

where 𝑏 is the uncut chip thickness, 𝜑 shear angle, 𝜔 the
cutting width, and 𝛽 the tool-chip friction angle. It can
be seen from (1) that the cutting force is approximately in
proportion to the shear stress in the shear band.

3. Comparison of Milling Forces between
Simulation and Experiment

3.1. Simulation of Chip Formation and Milling Forces. The
FE chip formation model was created by using updated
Lagrangian formulation, in which the material is attached to
the mesh, with periodic remeshing to avoid severe element
distortion. Three-dimensional simulation is conducted by
DEFORM software on the aspects of mesh generation and
material removal, so that it is better to realize the chip
separation. With the dynamic adaptation grid technology
which avoids the mesh distortion and improves the accuracy
of the solving, the simulation results can be more reliable by
the Lagrangian method [16]. The chip formation is shown
in different steps in Figure 2(a). Because the formation of
chip is the result of the deformation of workpiece material
(aluminum 2A12), it does not need to have a chip separation
criterion. The comparison of chip formation between simu-
lation and experiment is shown in Figure 2(b). The shapes of
chip in different rake angles and in different cutting speeds
are shown, respectively, in Figures 2(c) and 2(b).

Three-dimensional milling forces are simulated based on
chip formation in different cutting parameters. Aluminum
2A12 is used as workpiece material. There are two cutting
conditions as follows: cutting speed 125m/min, cutting depth
4mm, feed 100mm/min, and cutting forces are shown in𝑥,𝑦,
and 𝑧 direction in Figure 3 and other cutting conditions, cut-
ting speed 125m/min, cutting depth 8mm, feed 100mm/min,
cutting forces, are shown in 𝑥, 𝑦, and 𝑧 direction in Figure 4.
It can be noticed in Figures 3 and 4 that load predictions can
be measured in milling process, and then the average values
are calculated and obtained based on these data. Therefore,
the milling force is 690N in 𝑥 direction, 748N in 𝑦 direction,
and 103N in 𝑧 direction, as shown in Figure 3. The milling
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Figure 3: Simulation results of milling forces in 𝑥, 𝑦, and 𝑧 directions.
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Figure 4: Simulation results of milling forces in 𝑥, 𝑦, and 𝑧 directions.

force is 651N in 𝑥 direction, 1202N in 𝑦 direction, and 174N
in 𝑧 direction, as shown in Figure 4.

3.2. Milling Forces Analysis and Validation. Milling experi-
ments should be carried out to verify the currency of the
values got from the finite element simulation. The milling
test was conducted in vertical milling centre (TH5650) in
Figure 5, and cutting tool used in turn-milling test was 20mm
diameter end mill (TAP300R-2020-160-H.) equipped with
four inserts and a tool holder (SBT40-MLK32-105) made by
CHAIN HEADWAY Inc. The insert for MITSUBISHI used
is APMT1135PDER-M0, which is LC15TF coated. The insert
itself is a rhombic shaped end milling insert with a cutting
edge length of 11mm, a width of 6.35mm, and a 0.2mm
corner radius.

The kind of aluminum alloy (2A12) is a precipitation
hardening aluminum alloy, containing magnesium and sili-
con as its major alloying elements. It is one of the most com-
mon alloys of aluminum for general purpose use, which has

Figure 5: Vertical milling machining centre (TH5650) and
dynamometer.

good mechanical properties and exhibits good weldability.
And a wide variety of applications such as aircraft fittings,
camera lens mounts, couplings, marines fittings, electrical
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Table 1: Chemical composition of 2A12 aluminum alloy (mass
fraction, %).

Cu Mg Mn Fe Si Zn Ni Ti Al
4.52 1.62 0.58 0.28 0.16 <0.20 0.10 0.10 Others

0 50 100 150 200 250 300 350
Rotation angle

Cu
tti

ng
 fo

rc
e (

N
)

Milling force
1000

800

600

400

200

0

−200

−400

−600

−800

Fy

Fx

F z

Figure 6: Cutting force in x/y/z direction (cutting speed 125m/min,
cutting depth 4mm, and the feed 100mm/min).

fittings, hydraulic pistons and appliance fittings. Chemical
composition of 2A12 aluminum alloy is shown in Table 1.

For measuring the cutting forces in 𝑥, 𝑦, and 𝑧 direction,
the Kistler9257B dynamometer is mounted on themachining
center. In the downmilling, coolingmethod is dry cutting. In
order to compare the milling forces between simulation and
experiment, the cutting condition and experimental results of
cutting forces are shown in Figures 6 and 7.

The comparison value of experimental results and simu-
lation results in 𝑥, 𝑦, and 𝑧 directions is shown in Table 2.

It can be seen in Table 2 that milling forces are matched
between simulation and experiment, and the finite element
method is feasible and effective in replacing the traditional
experimental method with finite element simulation. But
there are some errors between simulation experiments; in
particular the milling forces in 𝑧 direction result from some
factors are neglected in simulation process. Firstly, the model
of milling cutter is simplified and regarded as rigid in ideal
condition, which will have effect on the milling forces. In
addition, since the limitation of computer performance and
parameters of workpiece material, it will lead to the errors of
milling forces between simulation and experiment.

The influence laws of cutting parameters on cutting force
and cutting efficiency are studied based on finite element
model, wherein cutting efficiency is a reasonable index in
more than 500mm3/min range [16]. So the influence laws
are obtained in cutting speed, depth of cut, and the feed,
respectively, as shown in Figure 8.

It can be noticed that cutting forces are small when the
cutting parameter is small; at the same time, cutting efficiency
is very low, which is not in the reasonable range and cannot
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Figure 7: Cutting force in x/y/z direction (cutting speed 125m/min,
cutting depth 8mm, and the feed 100mm/min).

meet the needs of actual production. With the increase of
depth of cut and feed, cutting efficiency and the cutting force
gradually increase. But with the increase of cutting speed,
cutting force can decrease and the cutting efficiency is very
high. As a result, the increase of cutting speed can realize the
optimization of tool life and the production efficiency.

4. Conclusions

(1) The model of three-dimensional cutting force is
proposed to predict and analyze chip formation and
milling force based on finite element method. The
influence laws of cutting parameters on chips and
milling forces are obtained in milling process. The
comparison ofmilling forces in simulation and exper-
iment values is analyzed to verify the feasibility based
on finite element method.

(2) With the increase of rake angle, the chip shape
becomes thin and long. Cutting speed increases
much, the curling radius of chip becomes smaller,
and at the same time, cutting force can decrease and
cutting efficiency is very high, which can realize the
optimization of tool life and the production efficiency.

(3) Some factors are neglected in the simulation process,
so they lead to some errors between experiment and
simulation. In addition, the model of milling cutter
is simplified, so that there are some differences com-
pared with the real milling cutter. In the simulation
process, the cutter is in ideal condition, which the
cutter is regarded as a rigidmodel and not considered
the existing friction and vibration, but in the real
cutting process, there is some wear existing on the
milling cutter, which may affect the critical value of
cutting force.
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Table 2: Comparison of cutting forces between simulation and experiment.

1 Experimental values Simulation values Error values 2 Experimental values Simulation values Error values
𝐹
𝑥

579 690 1.90% 𝐹
𝑥

598 651 8.66%
𝐹
𝑦

826 748 9.44% 𝐹
𝑦

1116 1202 7.71%
𝐹
𝑧

97.2 103 5.97% 𝐹
𝑧

157 174 10.8%
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Figure 8: (a) Cutting force and cutting efficiency contrast in different cutting speed (cutting depth 0.5mm; feed 0.2mm/s). (b) Cutting force
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contrast in different feed (cutting speed 20mm/min; cutting depth 0.5mm).
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