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ABSTRACT

In this study, the friction behavior in metal cutting operations is analyzed using a thermomechanical
cutting process model that represents the contact on the rake face by sticking and sliding regions. The
relationship between the sliding and the overall, ie. apparent, friction coefficients are analyzed
quantitatively, and verified experimentally. The sliding friction coefficient is identified for different
waorkpiece-tool couples using cutting and non-cutting tests. In addition, the effect of the total, sticking
and sliding contact lengths on the cutting mechanics is investigated. The effects of cutting conditions on
the friction coefficients and contact lengths are analyzed. It is shown that the total contact length on the
rake face is 3-5 times the feed rate. [t is observed that the length of the sliding contact strongly depends
on the cutting speed. For high cutting speeds the contact is mainly sliding whereas the sticking zone can
be up to 30% of the total contact at low speeds. From the model predictions and measurements it can be
concluded that the sticking contact length is less than 15% for most practical operations. Furthermore, it
is also demonstrated that the true representation of the friction behavior in metal cutting operations
should involve both sticking and sliding regions on the rake face for accurate predictions. Although the
main findings of this study have been observed before, the main contribution of the current work is the
quantitative analysis using an analytical model. Therefore, the results presented in this study can help to
understand and model the friction in metal cutting.

1. Introduction

The friction due to the contact between the workpiece and the
cutting tool is one of the key subjects in machining research. It is
well known that cutting involves three deformation zones. The
primary shear zone, i.e. the shear plane, is responsible for the chip
formation whereas in the secondary shear zone on the rake face
the workpiece and tool are in a complex state of contact. The third
region, on the other hand, is responsible for ploughing and flank
contact. Numerous models have been proposed involving, analy-
tical with thin |1] and thick |2] shear zone approaches, semi-
analytical |3,4], and numerical (mostly FEM based) |5,6| methods.
Two important inputs for these models are the material model
parameters and the friction coefficient between the tool and
the workpiece material. These two inputs can be considered to be
independent of the cutting mechanics as they are related to the
mechanical and physical properties of the materials. ldentification
of both properties is very critical for accurate modeling of the
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machining processes. The focus of this paper is on the friction
characteristics in metal cutting operations.

Being a common topic in mechanics, friction has been exten-
sively studied in basic sciences. However, machining researchers
have also paid special attention to friction due to its importance in
cutting processes, The early studies on the subject concluded that
there is a direct relationship between the shear angle and the
friction. Using minimum energy principle for the continuous type
chips, Merchant |1] concluded a relationship between the shear
angle and the rake face friction. Oxley, [2] on the other hand,
included the strain hardening effect in the slip-line model. As
another approach, the semi-analytical method known as the
mechanics of cutting |3,4] relates the apparent friction coefficient
to the rake angle, feed rate and the cutting speed, and uses them
in force predictions. However, this approach may take longer
testing time since high number of tests must be carried out
depending on the ranges. Similar mechanistic models do not
provide much insight about the friction behavior of the workpiece
and tool couples. In FEM modeling [5,6] the researchers mostly
focused on the material behavior and chip formation and lacks the
importance of the friction conditions on the rake face. Lee and
Shaffer |7] obtained a similar relationship by applying slip-line
field theory to the orthogonal cutting. The solutions presented in



these studies have assumptions which do not accurately represent
the friction behavior of the process. Based on the experimental
observations, however, it has been well accepted that the overall
(apparent) friction coefficient on the rake face decreases with the

increasing rake angle. On the other hand, the effects of other

parameters such as cutting speed or feed rate were not known
that well. Eventually, Zorev |8| approached the problem by
observing the normal pressure and shear stress distributions on
the rake face, and proposed distribution forms for them. Basically,
Zorev |8] proposed that the material exiting the primary shear
zone reaches the rake face with such a high normal pressure that
there is a sticking contact zone close to the tool tip. Due to the
drop in the normal pressure, the contact state changes to the
sliding (Coulomb) friction away from the tool tip on the rake face.
This behavior is also verified by numerous researches in later
studies [9-12] mostly by split-tool experiments measuring the
normal pressure and shear stress distributions on the rake face. In
a later study, Fang [13] concludes that the tool-chip friction
decreases with increasing absolute value of negative rake angle
and with increasing cutting speed, by applying slip-line field
analysis.

Friction between two contacting bodies has several depen-
dencies such as the material pair, temperature, pressure, and
speed depending on the application ranges |14~17|. For instance,
in a recent study, Philippon et al. [18] conducted several
experiments in an original test setup in order to investigate
the sliding friction behavior at high sliding velocities, and
concluded that the sliding coefficient of friction strongly depends
on the speed and the pressure. In a different study Moufki et al.
|14| proposed an orthogonal cutting model which relates the
sliding friction coefficient to the mean temperature on the rake
face.

A recent study | 17| proposed an analytical orthogonal cutting
model, which considers the sticking and sliding friction regions on
the rake face and uses Johnson-Cook (JC) constitutive model.
The JC constitutive relation is relatively simple, one dimensional
model that accounts for the effects of strain, strain rate, and
thermal softening on flow stress utilizing von Mises yield
criterion. It describes the material hardening behavior based on
the well-known power-law function. Also, this empirical relation
is relatively simple to calibrate for a given material. It is relatively
easy to implement into computer codes, inexpensive to use, and
produces reasonably accurate predictions for a range of materials
if the loading conditions do not exceed those used during the
parameter identification tests. In the model [17], the sliding
friction coefficient is related to the friction speed, and calibrated
using a small number of orthogonal cutting tests, where the
JC parameters are also calibrated for the given cutting speed
range. The proposed model has both calibration and prediction
capabilities.

Accurate representation of contact behavior on the rake
face is critical for the thorough understanding and modeling
of the metal cutting operations. In this regard, quantitative
analysis of the friction behavior in metal cutting is important
for better understanding of the nature of the process. The
identification of the sliding friction coefficient between the
workpiece-tool couple and the relation of the sliding friction
coefficient to the apparent one is critical for process modeling. The
contact lengths which are basically the physical representations
of the friction behavior on the rake face, must also be modeled
and analyzed. Based on these, the objective of this study is to
further investigate the friction behavior in metal cutting opera-
tions, The focus of the study in this paper is on the mechanical
behavior rather than micro-structural investigation. For this
purpose, the rake contact model presented in [17,19] is used
throughout this paper.

2. Thermomechanical dual-zone model

In this section, the cutting model which is used in this study is
briefly presented. Although the dual-zone model detailed for-
mulation applied to the orthogonal cutting conditions can be
found in the Appendix, the detailed formulation for the oblique
cutting conditions can be found in [19]. In this model, the contact
between the chip and the tool on the rake face is represented by a
dual-zone approach. Basically, the contact is divided into the
sticking and a sliding friction region, which was originally
proposed by Zorev |8] (see Fig. 1). In the first region, the contact
condition is plastic due to the high normal pressure exerted on the
tool, whereas in the second region the contact is elastic which can
be represented by the sliding friction. There are two different
friction coefficients that are defined on the rake contact. The
apparent friction coefficient yp, is due to the total cutting forces
acting on the rake face. The sliding friction coefficient y, on the
other hand, is only due to the forces acting on the sliding region
on the rake face.

The normal pressure distribution on the rake face is needed for
the formulation of forces. The following distribution is selected as
it is used and verified by several studies [10,11,14]

P(x}:P"(l—z): (1)

where (. is the total contact length, x the distance on the rake face
from the tool tip, and { an exponential constant which represents
the distribution of the pressure, and is selected as 3 in the current
study based on the analysis of the split-tool test results [10,11]. It
can be observed from Fig. 1, that the shear stress on the rake face
is equal to the shear yield stress of the material (7;) along the
sticking region with length /. In addition, the shear stress in the
sliding region is equal to the product of the sliding friction
coefficient (i) and the normal stress (P), according to the Coulomb
friction law. Therefore, the mathematical representation of the
shear stress distribution on the rake face can be defined as
follows:

T Xx<ip
TENuP fy<x<d, (2)

The three important outputs of the model is the total contact
length /, the sticking length ¢}, and the relationship between the
sliding and sticking friction coefficients [19]
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Fig. 1. Stress distributions on the rake face.
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In the above equations, f is the uncut chip thickness, 4, the
friction angle, ¢b,, the normal shear angle, .. the inclination angle,
ijs the chip flow angle, and #, the normal rake angle.

The proposed contact model can be used with any primary
shear zone model provided that the shear stress at the exit of the
shear zone is calculated accurately. For the analysis and predic-
tions conducted in this study, the thermomechanical primary
shear zone model proposed by |20,21| is used. The main
assumption in modeling the primary shear zone is that the shear
plane has a constant thickness, and that no plastic deformation
occurs before and after the shear plane up to the sticking region
on the rake face. In addition, it is assumed that the material
behavior can be represented by the JC constitutive model. The
material entering the primary shear zone sustains an initial shear
stress value, and by the exit of the primary shear zone the shear
stress evolves to t; which is different from the initial value when
inertia effects are important. Assuming a constant thickness of
the shear zone and a uniform pressure distribution, the stress
at the entrance of the shear band can be calculated iteratively.
From the equations of motion for a steady state solution and a
continuous type chip, the shear stress at the exit of the shear
plane 7, can be calculated and used in the rake contact analysis as
presented above. Other outputs of the model are the cutting
forces, the shear stress, the normal pressure distribution on the
rake face, and the shear angle.

3. Identification of sliding friction coefficient

In the foregoing analysis, there are two important inputs for
the model: the material model parameters and the friction
coefficient. Although the main focus of this study is on the
friction behavior, choosing the correct material model parameters
is another subject which is discussed in detail in [17,19]. However,
it can be briefly stated that the dual-zone model can also be used
to calibrate the material model coefficients. As for the friction, it
should be noted that two friction coefficients are defined: the
apparent and the sliding. If one of them is known the other can be
calculated by using Eq. (5). As shown in | 17] the dual-zone model
can be used to calibrate these two inputs as well. The orthogonal
tube cutting tests are used for calibration purposes as discussed in
the following section. In addition, non-cutting friction tests were
also conducted to compare with the sliding friction coefficients
identified from the cutting tests, which is also discussed in the
next section.

3.1. Identification of friction from orthogonal cutting tests

The proposed dual-zone model can be used to calculate the
sliding friction coefficient between the tool and the workpiece
material if the apparent friction coefficient is provided together
with the cutting parameters and the material model coefficients.
The calibration of the sliding friction coefficient between the tool
and the workpiece material is done by orthogonal tube cutting

tests. The tests are conducted on a lathe, where the orthogonal
cutting conditions are satisfied by selecting inserts without
inclination angles. Workpiece geometry is a tube in order to
avoid the nose radius contact with the material. The test setup
also involves a table type dynamometer and a DAQ system in
order to collect the cutting force data. After each experiment the
cut chip thickness is measured to identify the shear angle. The
tests were conducted at different cutting speeds and feed rates. By
the mechanics of cutting approach [3,4| the apparent friction
coefficient on the rake face between the tool and the workpiece is
calculated as follows:

M, = tan(z, —tan '(F/Fo) (7)

where Fy and F; are the measured feed and tangential (cutting)
forces, respectively. The sliding friction coefficient p is calculated
by Eq. (5), and a function that relates u to the chip velocity on the
sliding region is obtained by data fitting techniques. The chip
velocity along the sliding contact length is assumed to be uniform
and is calculated as

sing

Venip = Vcosmb )

(8)
where V is the cutting speed.

Although the relationship between the apparent and the
sliding friction coefficients is given by Eq. (5), we would like to
discuss the relationship in a graphical manner here, In Fig. 1, the
stress distributions are shown in order to discuss the sliding and
apparent friction coefficients. Observing Fig, 1, the following
mathematical representations for the friction coefficients can be
deduced:

n=A/A=B) (9)

Ho=A=-OJIA=B~C+D) (10)

where A, B, C, and D are the areas under the curves. Since the area
difference between the normal and shear stress under the sticking
region is higher than the one in the sliding region, the value of i,
must always be smaller than p. This situation is always true for
cases where the sliding friction is smaller than 1.

3.2. Identification of friction from non-cutting tests

In order to obtain the sliding coefficient of friction between the
workpiece and the cutting tool materials independently from the
cutting tests and the model, a non-cutting friction test setup is
prepared (Fig, 2). This modified pin-on-disc setup is built on a
manual lathe, and involves a dynamometer in order to measure
the normal and the frictional forces, and a DAQ setup in order to
collect the data. The contact between the tool and workpiece is
realized by moving the tool with a fine slider in order to make the
initial contact smoother. The sliding friction speed is controlled by
the rotational speed of the work material and the radial position
of the carbide rod with respect to the center of rotation. The
sliding coefficient of friction is calculated using the mean values of

. workpiece

Fig. 2. The non-cutting friction test setup.






