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A B S T R A C T

The mechanistic force models were introduced in high accuracy force predictions for most
applications. Experiment was made for the milling of titanium alloy by coated cemented carbide
cutting tool. Based on the cutting force theory, test results and finite element method, we can get the
expression of resultant cutting force accurately, which can be developed to a big cutting database.
According to the analysis, the maximum deformation and effective stress showed an increasing trend
for the machining with end-milling cutting tool. A reasonable set of milling parameters for the
machining of titanium alloy by coated cemented carbide cutting tool was obtained by analyzing the
cutting efficiency in relation to cutting force of the tools. It is expected that this study would provide a
fundamental basis for the optimization of the cutting parameters for titanium alloy.
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NOMENCLATURE
Fa Axial force P Cutting power
Ft Tangential force r Cutting ratio
Fr Radial force vc Cutting speed
Fp Cutting forces in the cutting speed  Rake angle
Fq Cutting forces in the feed direction  Helix angle
ft Force coefficients  Shear stress in the shear plane
ha Average chip thickness φ Immersion angle measured from the positive y–axis
K Milling force coefficient n Shear angle in the normal plane
T Cutting torque c Chip flow angle measured on the rake face

1. INTRODUCTION1

Milling is one of the most extended cutting processes
due to its wide application in automotive, aerospace,
mould and die, and other industries. For more than one
hundred years, modelling, simulation and control of
cutting forces were the important research issues for
improving the workpiece surface quality, tool wear
resistance and machining stability. Nevertheless, there
still exist several important aspects in milling operation

1*Corresponding Author’s Email: libinman@gmail.com (B. Li)

that need to be studied in depth to gain better
understanding of the process.

Unlike other machining processes, milling is
affected by several variables. The deformations and
wear of tool are characteristics that affect the milling
operation. Among these characteristics, the radial tool
run-out in end milling received special attention from
the researchers starting from the work by Kline and
DeVor [1], which focused on the effects of radial tool
run out on cutting forces in end milling. Several studies
were conducted on the dynamic cutting processes. But
most of these studies were highly simplified and the
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over simplification of earlier models resulted in poor
agreement between the simulation and experimental
results, and it is more evident in low speed cutting [2].
In the earlier studies on milling dynamics, mean cutting
force coefficients were used for the modeling and
simulation of cutting forces [3]. This mechanistic
approach was used to obtain the dynamic equations of
various milling processes and to predict the deflections
and form errors of the machined parts [4]. In this
approach, the cutting force coefficients were obtained
by the experimental data under certain cutting
conditions. Alternatively, the mechanics of cutting were
used for the determination of milling force coefficients.
In this method, after the determination of flank forces,
angles made by friction and shear force from the cutting
test, and the mechanics of the milling process were used
for transforming the data to oblique cutting conditions
[5, 6]. Titanium and its alloys are used extensively in
aerospace industry because of their excellent
combination of properties of high specific strength,
which is maintained even at elevated temperature, their
fracture resistant characteristics, and their exceptional
resistance to corrosion. Titanium milling is widely used
in the aerospace industry, and is also used increasingly
in military, racing and medical applications.

Modeling of milling process was studied extensively
[7]. The mechanistic approach was widely used for the
force predictions and also extended to predict
deflections and form errors [8, 9]. An alternative
method of mechanics of cutting approach was used in
determining milling force coefficients [10, 11].

Another major limitation in the productivity and
surface quality in milling is from chatter vibrations
which developed due to dynamic interactions between
the cutting tool and workpiece. The chatter vibrations
result from poor surface finish and reduced tool life.
Budak and Altintas [12] developed a method for
analytical determination of stability limits. The stability
of low radial immersion milling was investigated and a
model was presented for twice the number of stability
lobes. All these methods can be used to generate
stability diagrams from which the stable cutting
conditions, and spindle speeds resulting in much higher
stability can be determined for a given work material,
tool geometry and transfer functions [13-15].

The demonstration of cutting model implementation
in CAD/CAM systems was shown by several
researchers. Altintas and Spence [16] demonstrated that
the force models could be used to predict form errors
and optimize feed rates based on simulation at the
CAD/CAM stage itself. Weck et al. [17] demonstrated
the determination of chatter free milling conditions in a
commercial CAD/CAM software. The cutting force
coefficients and tool dynamics were needed for these
simulations, which were determined experimentally.
The generation of an orthogonal cutting database for a

work material by Budak et al. [18] reduced the
experimentation, and thus made implementation of
force models in CAD/CAM more practical.

Currently, the selection of milling parameters of
titanium alloy such as the rotating speed of machine,
cutting depth, feed rate, and cutting width were mainly
determined with a reference to the imported manuals for
cutting tools by the engineering technicians. However,
the processing parameters recommended in these
manuals are applicable to some common materials.
These parameters are impossible to be specially
designed for the material used in an enterprise.
Furthermore, it is difficult to realize the optimization of
cutting parameters due to lack of sufficient empirical
parameters and test data. Instead of experiences, there is
a need for more optimization of the parameters with
theoretical basis accurately and stably, which easily
causes a situation for cost reduction with a long-term
optimization. In this paper, the experiment was made for
the milling of titanium alloy by coated cemented carbide
cutting tool. After some cutting tests, a simple cutting
database is generated for a certain tool and titanium
alloy materials. The mechanistic force models were
introduced in high accuracy force predictions for
applications. Based on the cutting force theory, previous
test results and finite element method, we can get the
expression of resultant cutting force accurately, which
can be developed to a big cutting database. According to
it, reasonable cutting parameters of the processing of
titanium alloy can be obtained by the analysis of the
cutting efficiency versus cutting force of the tools.

2. MODELLING OF END MILLING FORCES

A schematic description of these models is outlined in
Figure 1, where φ is the immersion angle measured
from the positive y–axis, the axial force component. Fa,
is in the axial direct ion of the cutting tool, which is
perpendicular to the cross-section shown in Figure 1.

Figure 1. Schematic diagram of a model of milling
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Milling forces can be modeled for given cutter

geometry, cutting conditions, and work material. For
evaluating a spindle in working conditions it is
necessary to have a model of the process where the
cutting parameters, the workpiece material properties
and the tool geometry are involved.

Models follow the following steps: (a) the relation
between the chip thickness and the vibration of the
system must be formulated; (b) a cutting forces model is
proposed; (c) the system dynamics is introduced, and
finally (d) the problem that defines the stability of the
process is solved. For a point on the(jth) cutting tooth,
differential milling forces corresponding to an
infinitesimal element thickness(dz) in the tangential,
dFt, radial, dFr , and axial, dFa, directions can be given
as:
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In Equation (1), the edge forces are also included in
the cutting force coefficient which is usually referred to
as the exponential force model. They are separated from
the cutting force coefficients in edge force or liner-edge
force model [19]:
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In Equation (2), the radial (w) and axial depth of cut
(a), number of teeth (N), cutter radius (R) and helix
angle (β) determine what portion of a tooth is in contact
with the work piece for a given angular orientation of
the cutter. = Ωt, where t is the time, Ω is the angular
speed in (rad/s) or Ω = 2πn/60, n being the rpm of the
spindle. The chip thickness at a certain location on the
cutting edge can be approximated as follows:

( , ) sin z)(j t jh z f  (3)

where ft is the feed per tooth and j(z) is the immersion
angle for the flute (j) at axial position z. Due to the
helical flute, the immersion angle changes along the
axial direction as follows:

tan(z) ( 1)j Pj z
R
      (4)

In Equation (4), the pitch angle is defined as P=
2π/N. The tangential, radial and axial forces given by
Equation (1) and (2) can be resolved in the feed, x,
normal, y, and the axial direction, z, and can be
integrated within the immersed part of the tool to obtain
the total milling forces applied on each tooth. For the
exponential force model, the following is obtained after
the integration [20]:
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where the Zjl () and Zju () are the upper axial
engagement limits of the in cut portion of the flute j.
The engagement limits depend on the cutting and the
tool geometries:
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In Equation (6), note that ex is always π in down
milling and st is ways 0 in up milling according to the
convention used in Figure 1. The helical cutting edges
of the tool can intersect this area in different ways
resulting in different integration limits. The total milling
forces can then be determined as:
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The cutting torque and power due to the tooth j can
easily be determined from Equations (1) and (3) as
follows:
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The total torque and power due to all cutting teeth
can be determined similar to the summation for the
forces given in Equation (7), value of the forces, torque
and power can be determined after one full revolution of
the tool, i.e., : 0-2π, is simulated.

For the linear-edge force model, the forces are
obtained similarly using Equation (2), and integrating
within the engagement limits as follows:
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The forces given by Equation (5) and (8) can be
used to predict the cutting forces for a given milling
process if the milling force coefficients are known. As
mentioned at the beginning of this section, in the
mechanistic models the force coefficients are calibrated
experimentally which is explained in the following
section. In this sense, mechanics of milling approach is
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more general and may reduce the number of tests
significantly. In case of milling an oblique cutting
model has to be employed because of helical flutes. In
oblique cutting models, there are several important
planes which are used to measure tool angles and write
down speed and force equilibrium relations [21]. The
normal plane, which is perpendicular to the cutting
edge, is commonly used in the analysis. After several
assumptions, and velocity and the force equilibrium
equations, the following expressions are obtained for the
cutting force coefficients in an oblique cutting:
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In Equation (10), is the shear stress in the shear
plane,n is the shear angle in the normal plane,  is the
angle of obliquity or helix angle and c is the chip flow
angle measured on the rake face. The chip flow angle
can be solved iteratively based on the equations
obtained from force and velocity relations [22, 23].
However, for simplicity, Stable’s rule may also be used
which states that c≈, n and n are the friction angle
and the rake angle in the normal plane, respectively, and
are given by [24]:

tan tan cos , tan tan cosn c n r       (11)

In Equation (11), r is the rake angle measured in
the velocity plane, which is normal to the tool axis, and
 is the friction angle on the rake face. The required data
is obtained from the orthogonal cutting tests in order to
reduce the number of variables, thus the number of
tests, and to generate a more general database which can
be used for other processes as well. The shear angle,
shear stress and friction coefficient can be obtained
from orthogonal cutting tests as follows [25]:
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where r is the cutting ratio or the ratio of the uncut chip
thickness to the chip thickness,  is the rake angle, Fp
and Fq are the cutting forces in the cutting speed and the
feed direction, respectively.

If the linear-edge force model is to be used then the
edge cutting force components must be subtracted from
the cutting forces measured in each direction using
linear regression. The edge force coefficients are

identified from the edge cutting forces. After some
cutting tests, which are repeated for a range of cutting
speeds, rake angle and uncut chip thickness, an cutting
database is generated for a certain tool and work
material pair. These data can then be used to determine
the milling cutting force coefficients using the oblique
model given by Equation (10). So, we can get the force
coefficients and the milling forces predicted using this
approach from Equation (1), which could be
demonstrated with the milling experiment results.

3. EXPERIMENTAL PROCEDURE

To demonstrate the effectiveness of the proposed force
model, cutting tests were conducted with a vertical-type
CNC machining center (DMU100, DMG Co., Ltd.,
Germany) under different cutting conditions. The
cylindrical end-milling for titanium alloy was conducted
by the coated WC-Co milling tool with 3 flutes, with 10
mm diameter and 30º helix angles. TiN coating material
was used for the cutter in this study (UBS4AR 16036,
GESAC Co., Ltd., China). A titanium alloy (TC4) block
with the dimensions of 150 mm × 150 mm × 60 mm
was used in the milling experiments. The three
components of cutting forces on the workpiece were
measured by multi - component piezoelectric
dynamometer system (Kistler 9255B, Kistler Co., Ltd.,
Switzerland). The force signals were processed using
the charge amplifiers and recorded by a PC-based data
acquisition system. Following were the milling
parameters: cutting speed v = 40, 80, and 120 m/min,
axial cutting deep ap = 0.2, 0.3, 0.6, 1, 2, and 3 mm, and
feed for per tooth ft = 0.01, 0.02, and 0.05 mm/z [26].

The regions of tools where wear occurred were
examined using scanning electron microscopy (SEM;
HITACHI S-570, Hitachi Corporation, Japan). The
distribution of element on the rake face was examined
by energy dispersive X-ray (EDX) spectrometry (INCA,
Oxford Instrument Corporation, UK).

4. RESULTS AND DISCUSSION

During experimentation, detailed measurements were
carried on the milling force. By experiments, the
empirical relationships for the cutting force in milling
are as follows:

11.3 0.521 0.660 0.807

5.89 0.226 0.2981 0.613

2.11 0.226 0.5433 0.20
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=e

=e
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where, Fx is the tangential cutting force, Fy is the radial
cutting force, Fz is the axial cutting force, vc is the
cutting speed, ft is the feed for each tooth, and ap is the
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axial cutting depth. Measurements on milling force were
conducted during the cutting experiments for the
determination of various cutting conditions. From the
results obtained, it is possible to establish the
relationship between processing and tool parameters to
predict the milling force [27, 28].

In the simulation, the model aims are to simulate the
milling process, calculate the damage initiation and
evolution in the work piece material. On this basis, the
prediction of cutting forces, and stress distribution in the
work piece is possible by the process. A three-
dimensional model (.pat document) was developed by
Unigraphics NX 8.0. Then, a FE model (.fem document)
was established by FEM module of UG 8.0, which was
based on Lagrangian formulation with explicit
integration method and associated to the three-
dimensional model.

After material properties setting and dividing of
grid, a simulation model (.sim document) was
developed and associated to FE model for setting of the
boundary and external conditions. The overall and
dimensional FEM model for milling is shown in Figure
2. Each experiment was carried out using coolant. It was
assumed that the cutting was removed by the coolant.
Thus there were no thermal issues to be accounted in the
model. The mass and inertia affects were included in the
model.

The overall dynamics were not taken into
consideration in the analysis. The contact and friction
parameters between the tool and work piece were
influenced by several factors such as cutting speed, feed
rate, and geometry and surface properties. The Coulomb
friction model was used and a constant friction
coefficient of value 0.5 was used in the analysis. Under
different machining conditions (axial cutting depth ap,
feed for each tooth ft, the cutting speed vc and so on), the
forces, Fx, Fy and Fz can be calculated from Equation
(20), and applied to the milling cutter as shown in
Figure 3. After completing calculation and post-
processing analysis of cutting force, the deformation
and effective stress distribution for all loads of end-
milling cutting tool are shown in Figures 4 and 5. The
simulation conditions were cutting speed vc = 80 m/min,
feed for each tooth ft = 0.02 mm/z, axial cutting depth ap
= 3 mm. As shown in Figures 4 and 5, deformation has
a maximum value at milling tool nose (1.451 mm) and
minimum value at root of the milling tool (0.102 mm).
However, the effective stress has a maximum value at
one milling tool nose (11942 MPa) and minimum value
at another milling tool nose (0.199 MPa). The reason for
this trend in results is that milling is a discontinuous
process, in which when a blade cuts into the workpiece,
the other blade cannot machine, and as a consequence
the effective stress is small. The effective stress of
middle and bottom parts of the milling tool gradually
increased to higher values than others.

(a) Overall FEM model in milling

(b) Dimension of FEM model in milling

Figure 2. Overall and dimensional FEM model in milling

Figure 3. Loads on FEM model in milling

Figure 4. Deform distribution for end-milling cutting tool

Figure 5. Effective stress distribution for end-milling cutting
tool
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Figure 6 illustrates the effect of axial cutting depth

on maximum deformation and effective stress for all
loads of end-milling cutting tool. It can be seen that
when the axial cutting depth is 0.2 mm, the maximum
deformation and effective stress are only 0.08 mm and
2360 MPa, respectively. However, when the axial
cutting depth increased to 3.0 mm, the maximum
deformation and effective stress respectively increased
to 1.451 mm and 11942 MPa. This indicates that the
maximum deformation and effective stress have an
upward trend for machining of end-milling cutting tool.

The implementation of cutting process simulation is
based on numerical theory and techniques. Their
development will be helpful to improve the capability of
simulation. The adaptive meshing technique which is
used in the finite element method is accomplished using
R-adaptively. During this adaptive application, the
meshing nodes are moved to more favorable positions to
reduce mesh distortion. From the above methodology,
expression for the resultant cutting force FN, was
obtained as:

8.46 0.0395 0.598 0.85=eN c t pF v f a (14)

After completing calculation and post-processing analysis
of the resultant cutting force FN, from Equation (14).
During the experiment it was found that there were some
damages at the nose of milling tool while machining the
aluminum alloy for 30 min at a speed of 80 m/min, feed
for each tooth ft = 0.02 mm/z, and axial cutting depth ap =
3 mm.

The SEM micrograph and EDX spectral diagram of
the fractured area of milling tool nose are shown in
Figure 7. After ultrasonic cleaning, transfer of Al element
from it to cutting tool surface was not observed.
However, elements, such as Mo, Ni and Ta which are
difficult to clean remained on the surface.

The No. 1 area is the cutting tool substrate without the
coating in fracture zone. From Figure 7 (b), it can be seen
that the main materials of tool matrix are WC, and Co. In
Figure 7 (c), the No. 2 area is mainly the junction of the
coating and substrate. Because the intensity of Ti peak is
higher than that of W peak No. 3 area is the unworn
coated area. In the other words, the content of TiN film is
higher than that of WC matrix.

The efficiency, E for milling of titanium alloy can
be expressed as:

tp1000E v a f   (15)

The units for E are mm3/min. The graphical
relationship based on the empirical Equation (14) of the
cutting force of tool and the results of cutting efficiency
calculated using Equation (15) are shown in Figure 8.
The solid line represents the equivalent efficiency and
the dotted line is the equivalent cutting force. The fitting
condition is for the feed rate of f t= 0.02 mm/r.
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Figure 6. Effect of axial cutting depth on the maximum
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(a) SEM micrograph of the wear area of carbide coating tool

(b) EDX spectrum diagram of point scanning for No. 1 area

(c) EDX spectrum diagram of point scanning for No. 2 area

(d) EDX spectrum diagram of point scanning for No. 3 area

Figure 7. SEM micrograph and EDX spectra of the fracture
area of milling tool nose
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As can be seen from Figure 8, a good cutting effect
is obtained by increasing the cutting speed and
decreasing the cutting depth at constant efficiency. A
reasonable cutting efficiency of the tool is E=1000
mm3/min. For the semi-finished machining of the
titanium alloy with a TiN coated cemented carbide
milling tool, following cutting parameters are
recommended: cutting speed (v) of 80~100 m/min;
cutting depth of 0.6~2 mm; and feed rate of 0.01~0.02
mm/r. A cutting efficiency of the tool, E=1000 mm3min
for the recommended cutting parameters should be
expected as reasonable.

5. CONCLUSIONS

The experiment was made for the milling of titanium
alloy by coated cemented carbide cutting tool. Based on
the cutting force theory, the cutting forces can be
predicted satisfactorily with simulation of the end
milling by finite element method. Following reasons
may be attributed for higher accuracy of simulation
results compared to that obtained with theoretical
relationships:
1. The mechanistic force models were introduced in

force predictions for most applications. Material
properties in the simulations were defined based on
the cutting force theory, as they were a function of
strain and strain rate whereas in the theoretical
relationships, the properties were simply kept
constant.

2. When the axial cutting depth was 0.2 mm, the
maximum deformation and effective stresses
respectively were only 0.08 mm and 2360 MPa.
However, when the axial cutting depth was
increased to 3.0 mm, the maximum deformation and
effective stress increased to 1.451 mm and 11942
MPa, respectively, indicating that the maximum

deformation and effective stress showed an upward
trend for machining of end-milling cutting tool.

3. A good cutting effect is obtained by increasing the
cutting speed and decreasing the cutting depth at
constant efficiency. The reasonable cutting
parameters obtained from the analyses of the cutting
efficiency and cutting force of the tools were as
follows: cutting speed (v) of 80~100 m/min; cutting
depth of 0.6~2 mm; and feed rate of 0.01~0.02
mm/r.
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هچکید

برايآزمایشی. معرفی شدنداکثر برنامه هاي کاربرديبالا برايدقتنیرويدر پیش بینی هايمکانیکینیرويمدل هاي
نتایج آزمایش ها برش،نیرويبر اساس نظریه.انجام شدپوشش داده شدهتوسط ابزار برش کاربید سمانآلیاژ تیتانیومفرز

به یک پایگاه داده، که می تواندبه صورت دقیق دست یابیمنیروي برش، ما می توانیم به رابطه روش المان محدودو
برايافزایشنشان دهنده روندتنش موثروتغییر شکلحداکثرتجزیه و تحلیل،با توجه به.توسعه داده شودبرشبزرگ

توسط ابزارآلیاژ تیتانیومماشینکاريبرايفرزپارامترهايمجموعه اي مناسب از .پایانی بودفرزابزار برشماشینکاري با
.به دست آمدبرش ابزارهانیرويدر رابطه بابرشبهره ورياز طریق تجزیه و تحلیلپوشش داده شدهکاربید سمان برش

.ارائه کندآلیاژ تیتانیومبرايبرشپارامترهايبهینه سازيمبنایی پایه اي براياین مطالعهانتظار می رود که
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