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1. Introduction

Cutting edge radius at the cutting edge of the tool results in the
third deformation zone which may have significant contributions
to the cutting mechanism [1,2]. The third deformation zone in
metal cutting appears due to recovery of the ploughed material
[3,4] under the stagnation angle [5] which separates the chip
formation and the finished part surface. Understanding and
modelling of the third deformation zone mechanics are necessary
especially for high precision and micro machining operations due
to very low chip thickness which increases the contribution of this
zone.

For modelling of the forces due to ploughing, slip-line field
theory [5,6] and finite element simulations [7] have been used. In
this study, the thermo-mechanical model developed for the
primary and the secondary deformation zones [8] is applied to
the third deformation zone considering the high accuracy, low
simulation time and limited number of calibration tests required in
this approach. The flank contact is modelled considering sticking
and sliding zones determined by the help of the normal pressure
distribution, and verified by contact length and force measure-
ments. A new experimental procedure is developed to identify the
third deformation zone forces by a single experiment which is
validated by the traditional linear regression analysis performed
on number of cutting test results. The effect of the tool edge
geometry and cutting parameters on the third deformation zone
forces is investigated using the proposed method and the
experimental data. The application of the model is demonstrated
on micro milling examples where the effect of third deformation is
significantly higher compared to conventional cutting operations.

2. Modelling of the primary, secondary and third deformation
zones

This section summarizes the thermo-mechanical modelling
approach used to predict the cutting forces in the primary,
secondary and the third deformation zones.

2.1. Modelling of the primary and the secondary deformation zones

The primary deformation zone is modelled by using Johnson–
Cook constitutive equation in the thermo-mechanical cutting
process model presented in [8]:
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where g is the shear strain, ġ is the shear strain rate, ġ0 is the
reference shear strain rate, A, B, n, C and m are the material
constants and T is the reduced temperature. The secondary
deformation zone, on the other hand, is represented by a dual-zone
contact model [8] due to the existence of both sticking and sliding
friction under high normal stresses on the rake face. The total
contact length on the rake face can be predicted by the following
equation derived from the force and moment equilibrium of the
chip which is exposed to normal and frictional forces [8]:

lc ¼ f
z þ 2

2

sinð; þ la�aÞ
sin; cosla

(2)

where f (mm) is the uncut chip thickness, z is the normal stress
distribution exponent, and ;, la and a are the shear angle, friction
angle and rake angle, respectively. It has been shown in [8] that the
thermo-mechanical model can be used to predict primary and
secondary zone forces accurately for various cutting conditions
and rake angles without extensive calibration tests once the
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material constants and the dry friction between the tool and the
material are known.

2.2. Modelling of the third deformation zone

The region after the stagnation point of the cutting tool is
divided into three regions as illustrated in Fig. 1. The stagnation
angle (u) separates the secondary deformation zone from the third
deformation. In the previous studies [5], the stagnation angle is
taken in a range of 50–608. In this study a new experimental
procedure is developed for identification of stagnation angle,
which is presented in Section 3.1.

The total contact length on the flank face is identified by using the
full elastic recovery assumption [3,4]. In the proposed model the
cutting edge radius is divided into three regions for mathematical
simplification. Regions 1 and 2 are on the cutting edge radius
whereas region 3 is on the flank face. Once the workpiece material
moves from the stagnation point, it faces up with Region 1 which is
responsible for the ploughing. Regions 2 and 3 on the other hand
occur due to the elastic recovery of the material.

In this approach, the total contact length on the flank face is
determined as follows:

lf ¼ l1 þ l2 þ l3 (3)

where,

l1 ¼ u�r (4)

l2 ¼ g�r (5)

l3 ¼ r
cosg�cosu

sing
(6)

where u is the stagnation angle, g is the clearance angle, r is the
cutting edge radius and l1, l2 and l3 are the total contact lengths
corresponding to the regions 1, 2, 3 respectively (Fig. 1).

In this study the flank contact is also modelled as a dual-zone
where there exists a sticking friction contact at the regions close
to the stagnation point. After a decrease on the normal pressure
the contact changes to sliding. The normal pressure at the
stagnation point (P0) decreases starting from the tool tip due to
free condition on the upper surface of the chip [9] and can be
approximated by a cubic decay equation [8]. However, this trend
may not represent the pressure conditions on the flank contact
due to ploughing which pressurizes the material further. In order
to investigate the normal pressure behaviour in the flank contact,
various variation patterns from the tool tip were tested in the
model. These can be summarized as; constant normal pressure
(P0), decreasing normal pressure as in the secondary deformation
zone and increasing–decreasing pressure (Fig. 2). Based on the
comparisons with the predicted and experimentally identified
third zone forces, the third variation pattern was found out to
describe the normal pressure variation on the flank contact most
accurately. This is an expected result considering the physics of
the flank contact where the material is first pressed which is
followed by relaxation.

Thus, the normal pressure distribution on the flank face is
represented as follows:

PðxÞ ¼ a�x2 þ b�x þ c (7)

where,

a ¼ P0

2�lf �l3�l2f
b ¼ �2�a�l1
c ¼ P0

(8)

where P0 is the normal pressure at the stagnation point [8] and x is
the distance from stagnation point.

The normal and friction forces action on the third deformation
zone, can be seen in Fig. 1. The normal forces can be calculated as
follows:

FNi ¼ �
Z liþliþ1

li

w�PðxÞ�OðxÞdx (9)

where li is the length of the region, w is the depth of cut and O(x) is
the orientation function for the regions. The frictional forces must
be determined depending on the contact type. If the contact
condition is sticking, then the friction forces can be calculated
follows:

FFi ¼
Z liþliþ1

li

t1�w�OðxÞdx (10)

where t1 is the shear stress at the exit of the primary deformation
zone. If the contact is sliding, on the other hand, the frictional
forces can be calculated as follow:

FFi ¼
Z liþliþ1

li

m�PðxÞ�OðxÞdx (11)

where m is the experimentally identified sliding friction coefficient
[8].

Total edge forces in feed and tangential directions can be
calculated as follows:

Fte ¼
X3

i¼1

FN i x þ
X3

i¼1

FF i x (12)

Ffe ¼
X3

i¼1

FN i y þ
X3

i¼1

FF i y (13)

3. Experimental verification of the proposed model

3.1. Stagnation angle prediction

In this study, a new identification method for the stagnation
angle has been developed. The method is based on the milling
kinematics where the uncut chip thickness varies with the
immersion angle. In up-milling operations, before the critical
angular position, chip is not formed and ploughing occurs (Fig. 3).
After the critical angular position, the chip formation starts and all
three deformation zones take place.

In order to identify the critical angular position, up-milling tests
were conducted on Kern Evo CNC milling center where the cutting
forces were measured by Kistler 9256C type mini dynamometer.

Fig. 1. Cutting edge considering the cutting edge radius in the third deformation

zone.

Fig. 2. Different normal pressure distributions on the flank face.
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