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Abstract

This paper presents a study about the Finite Element Modelling of cutting force components acting on
the workpiece (Fx, Fy, Fz) in face milling. The values of the three force components were simulated by
the FEM software AdvantEdge by Third Wave Systems. This program is uniquely intended for model-
ling of cutting processes. It is introduced how to measure the cutting edge radius of the insert by opti-
cal method. The simulated cutting force values were compared with real measurement data, and a
good correlation was found between them.
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1. Introduction

Milling is one of the most versatile types of machining because it is suitable for producing the most
diverse surfaces. It is a productive machining process that uses a single or multi-insert cutting tool,
which means that the tool works with several edges at the same time, and even with new and modern
tool materials, productivity can be multiplied. Milling machines are primarily used to produce flat,
planar, composite, other shaped surfaces and can be used to create more complex shapes as well. Face
milling is one of the most commonly used milling method. It is used primarily to produce flat surfaces,
because this is one of the most economical ways to cut such surfaces. This is especially due priority in
today's automotive industry-concentrated production, where even the smallest cost reductions play a
huge role in the optimization of high-volume production. During the optimization of process parame-
ters in face milling, the knowledge of the cutting force and power requirement values are especially
important. The determination of the cutting force values can be done by different approaches: by cut-
ting force measurements, by theoretical calculations with different formulas, like the well-known
Kienzle-Victor equation [1], or by Finite Element Modelling. Every method has its advantages and
disadvantages. The experimental method is a proven and reliable method for determining the cutting
force, but it has a significant instrumentation requirement and is quite time consuming. Methods based
on calculations are relatively quickly and inexpensively deployable, and they are capable to approxi-
mate the cutting force and power values with good accuracy, but this is largely depending on the ap-
plied method and the chosen values. This is due to the fact, that they are often based on some assump-
tions which are difficult to verify [2]. Nonetheless, these are important methods that are most com-
monly used, and both model refinements and new computational methods and are continuously emerg-
ing, e.g. [3,4,5]. The third mentioned way is to utilize Finite Element Modelling. This is not an easy to
use method, as it needs significant knowledge about the different insights of the Finite Element Meth-
od (FEM). However, FEM simulation of the cutting process can provide more details on the chip for-
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mation process, and it can be used to verify or clarify the assumptions for analytical calculations.
Therefore, finite element simulations should be considered as high-level, highly specialized but rather
important procedures. A review of the relevant literature also shows that a large number of researchers
have had and are currently working on finite element simulation of different machining processes
[6,7]. There are many types of FEM software available, and some have been specifically developed for
modelling machining processes [8].

This paper is focused on the using of the ThirdWave AdvantEdge Finite Element Method software for
the determination of cutting force components in face milling. It will be presented, how to set-up a
model for the simulation, how to evaluate the obtained data, and how to compare the results with ex-
perimental values.

2. Methods

2.1. Cutting parameters

During the research, the modelling of the face milling process was performed, as well as real machin-
ing experiments were performed to validate the modelling results. The applied cutting parameters are
introduced in the following. The applied cutting tool was a Sandvik Coromant R200-068Q27-12L
milling head with an RCKT 1204M0-PM4230 cutting insert (Fig. 1.). Only a single cutting insert was
utilized during the investigations, as it is easier to understand the cutting force values in that case [9].
It is true for both the simulation and experimental investigations.

Figure 1. The applied cutting tool: a) milling head, b) cutting insert [10]

An important aspect of finite element investigations is to map the real conditions of the machining as
accurately as possible. However, tool manufacturers do not provide all the details of the tools they sell
that are needed for the development of the model. Such as, for example, the value of the cutting edge
radius, which directly affects the chip removal process and the value of the minimum chip thickness
that can be removed. Therefore, we have developed a method for measuring the radius of the cutting
edge. The measurements were performed on an Altisurf 520 three-dimensional surface roughness
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measuring device which has three different measuring heads: an inductive gauge, a confocal chromatic
probe and a laser sensor. Each of those has its advantages and disadvantages according to their differ-
ent characteristics: the inductive sensor is good for accurate measurements especially in internal fea-
tures e.g. in holes, where the optical sensors cannot be utilized. The confocal chromatic probe (we
have two sensors, CL2/MG140 and CL4/MG35) can be used for accurate measurements on external
features, and it can be used for three-dimensional measurements as it is fast enough for that. And the
laser sensor (LK-G32) is good when the surface is more rough, or the features to be measured has
some form, and it should be followed during the measurements, as its measurement range is quite
large. Therefore, it can be used for the measurement of the edge radius of cutting tools: it can follow
the shape of the tool from the flank through the edge to the rake face as it can be seen on Fig. 2.
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Figure 2. Measurement of the cutting edge radius with laser sensor
a) measured profile, b) measurement setup

For the workpiece geometry used in the modeling and experiments, a simple block shape was used
(with dimensions of 59x50x50 mm), but it should be noted that in finite element modeling it is
advisable to reduce its dimensions and to provide only the immediate vicinity of the cutting zone. The
material of the workpiece is C45, its hardness is about 200 HB.
The applied cutting parameters were the following:

e cutting head working diameter: Dy = 68 mm;

e nose radius of the cutting insert: r, = 6 mm (round insert with iC = 12 mm);

e edge radius of the cutting insert: rz = 0.08 mm (measured 5 times with the above described

method, and the values were averaged);

e cutting speed: v, = 150 m/min.;

e depth of cuts in two directions: a, = 0.31 mm (axial); a. = 59 mm (radial);

o feed per tooth: f, = 0.26 mm.

Cutting experiments were performed on a Perfect Jet MCV-M8 vertical CNC milling machine. The

following equipment was used to measure the cutting force components: a Kistler 9257A three-

component dynamometer, 3 pcs Kistler 5011A charge amplifiers, a National Instruments 9215 4-

Channel, 10V, 16-bit, Simultaneous Analog Input Module which was installed in an NI cDAQ-9171

USB Chassis. This Data Acquisition (DAQ) device was connected to a portable computer, where the

Labview software was used for the data processing with a self-made measurement program. This
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measurement system can record the Fx, Fy and Fz cutting force components, which are acting on the
workpiece. Fig. 3. shows their interpretation in an arbitrary angle position @, and their relation to the
other force components.

Knowledge of the feed force applied to the workpiece (Fx) from the components of the cutting force at
milling is likewise extremely important as the cutting force at Fc. The Fx component loads the feeding
mechanism of the machine tool and try to move the workpiece on the machine table [12]. The Fy force
is a component of the main cutting force Fc, which are assumed to be equal to each other at an angular
position of ¢ = 90°. The magnitude of the force component in the z direction (Fz) is equal to the pas-
sive force Fp. The value of the main cutting force is usually 3-5 times higher than that of the compo-
nents of the other cutting forces and, together with the cutting speed, is the determining parameter of
the cutting power. The dynamic stability of the milling head is strongly related to the direction of the
cutting force. In reality, cutting force is a distributed force in the area of chip cross-section, but for
simplicity it is considered a concentrated force whose point of attack must be clearly defined [13].

Figure 3. Force relations during face milling at an arbitrary angle ¢ [11]

2.2. Simulation parameters

The ThirdWave AdvantEdge software was used for the investigations. This software is especially
made for modelling of different metal cutting operations where the tool has defined edge geometry
(i.e. its rake, clearance, and wedge angles are known). It has both two- and three-dimensional model-
ling possibilities. The 2D modelling is good for simpler cases, e.g. for orthogonal turning, while the
3D simulation can be used to analyze milling or drilling processes among others. In the current inves-
tigations, face milling was analyzed, so the 3D modelling was utilized. So, the first step during the
simulation model set-up is to select the process types, and then to define the workpiece characteristics.
The applied parameters, and the workpiece material are shown in Fig. 4.
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Figure 4. Setting the workpiece parameters

It is worth mentioning the "Precut boolean workpiece" option here, which allows the program to start
the simulation when the tool has completely penetrated the material, so the cutting process is stable.
This is applicable if we do not aim to examine the contact and entry conditions. The chosen workpiece
material is ISO 683-1(87) C45 (200Bhn). When modeling the cutting insert in AdvantEdge, it is im-
portant to emphasize that only the part that is involved in cutting needs to be modeled in the software.
This helps keep the computation time in check, otherwise the computation algorithm will have to
count the part that is not affected by the machining. The tool modelling can be seen on Fig. 5.
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Figure 5. Modelling of the cutting tool in the FEM software
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On the left side of the figure, the cutting tool shape was defined in the “Tool Reference Plane” (Pr).
Here, the nose radius of the cutting insert can be modelled; in this case it was 6 mm, due to the round
insert shape. It should be noted that the image shows a “mirrored” representation of the cutting tool
shape, according to the European projection mode, that is used in the edge geometry in our region.
However, the software is made in America, so it uses the projection method which is applied there.

As shown in Figure 6, it is possible to describe the geometry (radius) of the cutting edge after
activating the "Custom Cutting Edge" option. Here the cutting tool can be seen in the orthogonal
section, and the radius of the edge can be defined, which in this case was 0.8 mm. This is a very
important characteristic of the cutting tool during FEM simulation (and in the real cutting process as
well), whereas the radius of the cutting edge affects the values of the cutting force components, tool
wear and the roughness of the generated surface as well [13]. According to the cutting forces,
generally it can be stated, that the lower edge radius will produce lower cutting forces, as the sharper
tool can penetrate easier to the material. However, the lower edge radius means higher tool wear, since
the sharp edge can wear off quickly [14]. According to the surface roughness, the higher edge radius
also can be advantageous in terms of surface quality [15].

After carefully defining the cutting tool, the other parameters of the process were set: the previously
mentioned cutting data, as well as the values of the features required for meshing the tool and the
workpiece and other data for finite element runs, to which the default values offered by the program
were applied.

3. Results and Discussion

After running the simulation, the data were evaluated. In the current study, the values of the cutting
force components are presented, but the software is able to provide much more data about the cutting
process. Cutting force data were evaluated in the Tecplot software for both FEM simulation and
cutting experiments. Fig. 6 shows the results of simulation and real force measurements for one
machining period. It can be seen that the curves of the two graphs follow each other relatively well and
the values are also very close to each other. This means that during simulation setup, values close to
real-world conditions have been set.
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Figure 6. Cutting force component for one cutting period: a) simulated; b) measured

124



Felho, Cs. FEM modelling of cutting force in face milling

L Faorce-X (N) F
240 - a) 202 b)
E 200,81
F 201 |
220
z L 201 2001
X 2or ~
2 199
la -
&80 X F
Vs 198 |
d -
o ,/ -
160 | F
[ 197 |
140 196 |
e$£ . . ., oy ] C
0004 0006 0008 001 0012 001 0016

ol v By by v by v by B b gy
2198821988521 98921 9895 21,99 21.990621 99121.991521
Time (s) Time

Figure 7. Simulated and measured force values for Fx: a) simulated; b) measured

The highest section of the graph of the Fx force component is depicted in Fig. 7. The force Fx contains
one component of the main cutting force Fc, which is the component in the x direction. The force Fx
passes into the negative range because the component of the Fc in the x direction rotates with the tool
and it acts in the opposite direction from the middle of the chip removal period (from the centerline of
the cutter). However, its maximal value can be read from the graph, which is at around 201 N for both
the simulation and for the measurements.
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Figure 8. Simulated and measured force values for Fy: a) simulated; b) measured

The force Fy, which is the y component of the Fc force, is the second largest of the force components.
Fig. 8. shows its peak curve, and the read values for the two cases (simulation and measurement).
According to the literature [16], since the main cutting force Fc is largely contained in it, it should be
of the highest value. However, in the present case this is not the case due to the geometry of the insert.
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Figure 9. Simulated and measured force values for Fz: a) simulated; b) measured

The diagram in Fig. 9. shows that the Fz force is relatively linear compared to the other forces, reaches
the nearly-linear and nearly-horizontal phase in a relatively short period of time (which correspond to
the time during which the insert enters into the cut), and falls suddenly at the exit. This force is the
highest of the components because — due to the main cutting edge angle of the circular insert — the
axial force must be the greatest to ensure stability of the process against dynamic effects [17]. Its max-
imum value is about 480 N.

4. Summary

Based on the finite element simulations and cutting experiments presented in the paper, the following

conclusions can be made:

¢ In finite element modeling of machining processes, particular attention must be paid to the precise
description of the part of the tool involved in cutting. It is often not enough to rely on cutting in-
sert data provided by manufacturers, but additional measurements may be required.

e  The paper has presented a method for measuring the cutting edge radius of an insert using an
optical principle that provides a more accurate view of the geometry of the cutting edge.

o  With the right choice of simulation parameters, we can achieve results close to the actual machin-
ing process.
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