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Abstract The aim of this paper is to gain a better under-
standing of the impact different micro-geometries has on
stress distribution in cutting tools. Both principal and effec-
tive stress distribution are studied. These quantities have a
major impact on the occurrence of damages in the cutting
tool such as crack formation, flaking, chipping, breakage
and plastic deformation. The development of a stagnation
zone is also investigated as well as the effect tool micro-
geometries have on this zone. A finite element model is
developed which enables the examination of these aspects,
in detail. It was found that the model predicted these metal
cutting phenomena with high accuracy. Cutting forces is
within the standard deviation of experimental results. The
experimental results also indicate that the stress distribu-
tions and the stagnation zone have been simulated correctly.
This study has shown that the micro-geometries of the cut-
ting tool have a great potential in reducing the maximal
tensile/principal stress. This research work has also shown
that the size of the stagnation zone can be controlled by
micro-geometries on the cutting tool, which in turn can have
an effect on the wear on the cutting edge.
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1 Introduction

In machining processes, the final part surface finish is
influenced by changes in tool micro-geometry, chip flow,
temperature generation, heat flow and tool wear. The under-
standing of these interactions during the cutting process is
crucial. In fact, this knowledge enables the tool manufac-
tures to evaluate the performance of the cutting tool design
prior to manufacturing and expensive field testing. It also
enables the users of cutting tools to evaluate the effects of
the working conditions on tool life and on the quality of the
finished product.

Understanding the metal cutting process is of great
importance for the manufacturing industry, since it plays
a major role of manufacturing processes such as turning,
milling and drilling. The metal cutting operation is a process
with large strains up to 1-2 in the primary deformation zone
and above 3 in the secondary deformation zone, strain rates
up to 10% s~! and temperatures above 1000 °C [6]. Due to
these extreme conditions present in a cutting process, it is
difficult to experimentally measure interesting aspects. The
finite element method (FEM) can be used to gain a better
understanding of various aspects in the metal cutting pro-
cess such as cutting forces which has been investigated by
many researchers such as [4, 12, 16] among others. FEM
has also been a great asset in studying and understanding
the development of the deformation zones and the subse-
quent temperature effected zones for example by [2, 24, 25].
Residual stresses are also an important aspect in evaluating
the integrity of the machined surface and the depth of the
deformation hardened layer in the surface which has been
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successfully investigated with FEM by [13, 14, 22]. One
area where numerical models are essential is predicting the
chip formation process, for example studied by [8, 18], a
common feature occurring in many materials is segmenta-
tion of the chip which for example has been investigated by
[19, 36]. A machining process develops a zone at the contact
interface where no displacement occurs in the workpiece
material. This is where the workpiece material either flow
up into the chip or down into the new surface. The zone is
called the stagnation zone, and this phenomenon has been
examined by [13, 35].

For most of the studies that has used FEM to exam-
ine the cutting process, the focus lies on the workpiece
material. FEM articles of the machining process that study
stress distribution and temperature distribution in the tool
are for example [23, 27, 32, 37]. [33] has studied how the
friction behaviour at the interaction effect the stress distribu-
tion along the rake and flank face. Experimentally, studies
that focus on how micro-geometry effect the tool stress has
been performed by [7, 11]. In a study performed by [31],
a method to predict tool wear based on monitoring of the
acceleration and spindle current is proposed. In this present
study, the focus will be on the cutting tool. Phenomena that
will be examined here are the interaction forces between
the cutting tool and workpiece and the stress distribution of
the cutting tool in the engagement and stationary phase of a
turning operation. The influence the tools micro-geometry
has on the stress distribution of the tool at the engagement
phase. Also, the effect cutting tools micro-geometry has on
the development of the stagnation zone in a cutting process
has been studied. The distribution of the tensile and bending
stresses is of great importance in cutting tools development.
Since the occurrence of crack formation, tool chipping, flak-
ing and breakage is mostly caused by these bending and
tensile stresses that the cutting tool experience [28].

The paper is organized as follows: a short description
of the machining mechanics is presented in Section 2.
The details of the experimental investigation are given in
Section 3. In Section 4, the finite element model is pre-
sented. The results produced with the model are shown in
Section 5. Lastly, Section 6 summarizes the conclusions
from this study.

2 Machining mechanics and theoretical aspects

The parameters that will be presented in this section are
general cutting parameters used to describe an orthogonal
cutting process. The uncut chip thickness /4 is defined as
the uncut thickness of the chip or the distance between the
surface prior to machining and the newly formed surface.
The cutting speed v, of a machining operation is defined
as the relative speed of the workpiece to the cutting edge.

@ Springer

The cutting tool geometry parameters that are present in this
article are as follows. The edge radius rg is the radius of
the edge on the cutting tool, the rake angle y is the angle
between a plane perpendicular to the idealized new surface
and the rake face of the cutting tool. The clearance angle
« is the angle between a plane parallel with the idealized
new surface and the clearance face of the cutting tool. The
synthetic flank wear V By which is the length of the sur-
face parallel with the idealized new surface on the clearance
face. An illustration of the cutting tool parameters described
can be seen in Fig. 1. In addition to these cutting tool
parameters, we have the chamfer angel y,, and the chamfer
length b,, which according to [29] increase the loading-
supporting capacity of the cutting tool. Therefore, chamfers
are frequently found on cutting tools used in intermittent
cutting.

The resultant force in a turning process can be decom-
posed into the three orthogonal components. The compo-
nent acting in the cutting speed direction is referred to as
the primary cutting force F.; this is usually the largest of
the three components. The component acting in the axial
feed direction is referred as the feed force F; this is often
the second largest force component. The third component
acts in the radial feed direction is the smallest of the force
components and it is called the passive force F,. In the two-
dimensional case or orthogonal cutting case, the only active
forces are the primary cutting force F,. and the feed force
Fy.

A machining operation can be divided into three inter-
vals; engagement phase, stationary phase and exit phase.
In the engagement phase, the cutting tool and the work-
piece get in contact and transient cutting forces occur as
the contact pressure increases at the interface. In the sta-
tionary phase, a steady-state condition for the cutting forces
is achieved; this is the phase where most of the machining
takes place in a turning operation. Finally, there is an exit
phase where the cutting tool leaves the workpiece in this
phase. The cutting forces are also transient as they decrease

Fig. 1 The basic parameters for a cutting process- and tool geometry
parameters
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Fig. 2 The entry phase is shown
to the far right, the stationary
phase is in the middle and the
exit phase is shown to the far left

Cutting process

due to reduction of contact area between the cutting tool and
the workpiece. Figure 2 shows an illustration of the three
phases in a turning operation.

The mechanical load to which a cutting tool is subjected
to has either direct or an indirect effect on the wear and
failures of various types that can take place. The mechan-
ical stresses are created by the contact stresses that affect
the cutting tool and have a direct effect on the occurrence
of damages to it such as crack formation, flaking, chip-
ping, breakage and plastic deformation. The highest levels
of stress in the cutting tool appear on its boundary sur-
face. The highest global principal stress o7 levels occur on
the rake face and the global maximum effective-stress o,
being found on the flank face, see Fig. 3. The development
of crack formation, tool chipping, flaking and breakage is
largely a function of the highest principal stress level oj.
The highest level of compressive stress o, is about the
same level as the effective-stress (von Mises), with opposite
sign. The risk of plastic deformation and of damage through
crushing tends to be controlled by the level of effective
stress o.

The cutting forces acting upon the different surfaces of
the cutting tool can for a two-dimensional case be divided
in terms of the directions A and T, see Fig. 3. Each of
these force components acts on a given contact surface to
create both normal and shear stresses. For the orthogonal

chi
p tool

I'_‘ >T

workpiece A

Fig. 3 The location of the global maximum principal stress level
o1, the global maximum effective-stress level o, in 2D terms during
orthogonal cutting and a simplified distribution of the cutting forces
F. and Fy on the rake and clearance face of the cutting tool

two-dimensional case, the force components F, and F; can
be divided according to Eq. 1, where 7, and A, are the nor-
mal and shearing forces acting on the rake face respectively.
Acy and T; are the normal and shearing forces acting on the
clearance face respectively; these are illustrated in Fig. 3.

Fo =T +Ty

1
Ff:Ar+Acl M

The load function @47 is the relationship of the cutting
forces in the A and T direction, according to Eq. 2. This
load function should have a strong correlation with the high-
est principal stress oy in the tool, since a high load in the
T -direction and a small supporting load in the A-direction
should start to bend the tool which should produce a high
principal stress in the tool. That is, a low value on the load
function @47 should give a high principal stress o7.

A+ A _ﬂ
T+ T Fe

In a cutting process, a stagnation zone is produced at the
interface between the cutting tool and the workpiece mate-
rial. Since the workpiece material either has to move toward
the rake face of the cutting tool or be ploughed and move
toward the clearance face of the cutting tool. Figure 4 shows
the schematic relationship between the cutting tool geome-
try and material stagnation. A portion of workpiece material
is pushed upward to the rake face in order to form the chip
while another portion is ploughed under the cutting edge
to become the machined surface. The stagnation point P is

(@)

QAT =

Chip Cutting Tool
‘--.~§\
Uncut chip thickness /4, (o
7
g( Ploughed depthx  } /
Workpiece B

Fig. 4 Schematic view of the stagnation point (not to scale)
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Fig. 5 The accelerometer
sensors inserted into toolholder
(a) and experimental setup for
the deflection measurements (b)

the location where the material flow separates to form the
chip and the machined surface. The chip leaves the tool rake
face at point A. Point B is the location where the machined
surface separates from the tool. C P is the actual material
separation line, while BD is the ideal separation line. The
ploughed depth x is a small fraction of the uncut chip thick-
ness and represents the amount of material flowing below
the cutting edge. At point P, a stagnation zone will form
where no material displacement will occur; as a result, the
shear stresses on the cutting tool will be close to zero in
this region, which should have an effect on the wear of the
cutting tool around this point P.
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Fig. 6 Deflection of the cutting tool at engagement with the work-
piece in cutting direction (a) and feed direction (b)
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3 Experimental investigation

Longitudinal turning tests were performed on a cylindrical
bar in order to determine the cutting forces. The work-
piece material is a commercial AISI 4140 tempered steel.
The forces have been experimentally determined with a
stepwise increased feed test in the interval 0.10 < h; <
0.50 mm. The cutting tests were performed in a lathe,
Monforts RNC 700 Single Turn. The cutting forces were
measured with a cutting force sensor of the fabricate Kistler
Z15814. The cutting tool used in the experimental investi-
gations was CNMG120408 MF4 TP2500, Seco Tools AB,
with dry cutting conditions. A modified adapter toolholder
CTGPL322516, Seco Tools AB, was utilized which gave
a rake angel, y of 0° and a clearance angle, o of 5°. The
cutting speed v, was set to 260 m/min for all the chip thick-
nesses. The theoretical chip thickness was then converted to
orthogonal cutting conditions using Woxns equivalent chip
thickness 4., described in [34].

Initial model definition
Material, node and elment files

'

ABAQUS®/CAE Generation
of input files for new interval

i y

Solution Mappin,

‘ ABAQUS®/Standard %—— ppine
Module

Remeshing
of workpiece

A

ABAQUS®/Standard
Stress analysis
of cutting tool

End interval, generate
restart files
(*.odb, *.prt, *.res, *.stt)

l

Extract geometry
profile of model

Fig. 7 Overall simulation approach
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Table 1 Johnson-Cook parameters to model the plasticity behaviour
of the AISI 4140 [1]

A (MPa) B (MPa) c n m
595 580 0.023 0.133 1.03

The acceleration of the cutting tool at the engagement has
also been experimentally studied in order to verify that the
toolholder is not rigid. This will result in that the cutting tool
will experience acceleration and motion during the machin-
ing operation; this has been analyzed for three cutting tools
all with dry cutting conditions. Tool A with no chamfer
and no flank wear, DNMG 443-15: VAR.4. Tool B with no
chamfer and a synthetic added flank wear of 50 um, DNMG
443-15: VAR.S5. Tool C with a chamfer length of 0.1 mm,
chamfer angel —20° and no flank wear, DNMG 443-15:
VAR.2. A modified toolholder with inserted accelerometers
which had a sample rate of 10° Hz was used to collect the
acceleration data. The accelerometers inserted on the tool-
holder can be seen in Fig. Sa. The acceleration signal was
sent through a high pass filter and then integrated twice
over time in order to determine the deflection of the cutting
tool. The cutting speed was set to 260 m/min and a feed of
0.3 mm/rev was used. The lathe, Boehringer Gppingen VDF
where used to perform the cutting tests. The accelerome-
ters where mounted on the toolholder and kept cool in order
to cancel out any thermal expansions effects. The modified
toolholder and workpiece used for the deflection measure-
ments can be seen in Fig. 5. The deflection for all three tool
geometries both for cutting and feed direction can be seen
in Fig. 6. These deflections are taken as a mean value of six
separate engagements of the cutting tool in the workpiece.

4 Numerical modelling

4.1 Algorithm

A fully coupled thermo-stress simulation has been per-
formed. The solution technique used in this work is the

Table 2 General thermal and mechanical properties of the modelled
materials [1]

Properties Workpiece Tool Units
Density 7850 15,000 kg/m?
Young’s modulus 219 540 GPa
Poisson’s ratio 0.29 0.22 -
Thermal expansion 13.7 4.7 um/mK
Melting temperature 1817 - K

Bulk temperature 300 300 K
Thermal conductivity 42 46 W/mK
Specific heat capacity - 203 J/kgK

Table 3 The pressure-dependent heat conduction coefficient [1]

P (MPa) 0 30 180 300 420 600
h (kW/m2K) 5 18 87 222 410 500

Updated-Lagrangian method; this is a common strategy to
solve problems involved with large deformations. The work-
piece was remeshed in predefined intervals by an in-house
Python script. Afterwards, the old solution data (local mate-
rial parameters like plastic strains, temperatures, etc.) are
interpolated onto the new mesh with the function *MAP
SOLUTION.

The finite element analysis is divided into two steps. The
first step is a fully coupled thermal-stress simulation where
the workpiece is considered an elasto-viscoplastic material
according to the material model described in Subsection 4.2.
In this first step is where the actual machining simulation
is performed; here, the tool is modelled as a rigid body.
The second step is based on the interaction force acting on
the rigid tool from the workpiece in the machining simu-
lation. These interaction forces are then applied to the tool
as boundary conditions, and a stress analysis is performed
where the tool is considered as a linear elastic material. It
is in this second step where the determination of the maxi-
mal principal stress, o1 and maximum effective stress, o, in
the tool is achieved. A schematic illustration of the remesh-
ing method and the overall simulation approach used in this
study can be seen in Fig. 7.

4.2 Material model

In a machining process, the workpiece material is exposed
to high levels of strain, strain rate and temperature. There-
fore, it is important to add these dependencies into the
material model to accurately describing the flow stress of
the material. For this reason, the Johnson-Cook plastic-
ity model is used in this study, developed by Johnson and

[od

VB,

Fig. 8 The micro-geometries of the four tools in the FEM model

@ Springer
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Fig. 9 Initial element configuration in the deformation zone, of the
simulation with Tool D

Cook in [17]. This constitutive relationship is commonly
employed when modelling orthogonal cutting with use of
FEM, such as [3, 5, 9, 22, 36]. The Johnson-Cook consti-
tutive law is presented in Eq. 3, where ¢ is the equivalent
stress, & is the equivalent plastic strain, & is the equivalent
plastic strain rate, §0 is the reference strain rate, A is the ini-
tial yield stress, B is the hardening modulus, C is the strain
rate dependency coefficient, » is the strain-hardening expo-
nent, m is the thermal softening coefficient, 6 is the process
temperature, 6,, is the melting temperature and 6 is the bulk
temperature of the workpiece.

& =[A+ B&"] [1 +Cln (%)} [1 — (%)m} 3)

The workpiece was considered to consist of a AISI 4140
steel and the cutting tool was modelled as cemented car-
bide material. The Johnson—Cook parameter values used
to simulate the behaviour of the AISI 4140 workpiece are
specified in Table 1. The specific heat of the workpiece
material is highly temperature dependent since the mate-
rial undergoes a phase change at about 1000 K. Therefore,

1400 T T

1200

1000

FFIN]

200
-

0 50 100 150
Time [usec]

Fig. 10 Primary cutting force and feed force as a function of time in
the engagement phase

@ Springer

Table 4 Correlation between simulated and experimental static pri-
mary cutting force F and static feed force F'y

F¢ [N] Fr [N]
h1 (mm) Sim Exp Sim Exp
0.1 299.2 300.4£1.7 166.3 172.0+0.9
0.2 556.1 524.94+2.6 217.0 222.3+1.8
0.3 802.5 749.3+6.7 276.1 272.7+6.6
0.4 1044.1 973.£13.5 341.2 323.0+11.7
0.5 1183.4 1198+£17.4 351.9 373.3+14.6

a temperature-dependent specific heat capacity is utilized
for the workpiece according to [1]. The general thermal and
mechanical properties of the workpiece and the cutting tool
are presented in Table 2.

There are two sources of heat generation in the machin-
ing material: plastic deformation and friction. Most of the
plastic deformation energy is converted to heat. In the
present study, the percentage was taken as 90 %; this has
been used in previous studies such as [21, 26]. Since the
heat generated by friction is assumed to be fully absorbed
by the material, the fraction of the heat generated by fric-
tion is set to 1.0. This has been used in previous studies such
as [3, 26]. In simulating the heat flow between the tool and
the workpiece, a thermal boundary condition was defined.
The heat conduction between the tool and the workpiece
is pressure-dependent. The heat conduction coefficient 4 is
defined as a function of the pressure in accordance with
Table 3. The conductive heat transfer between the contact
surfaces is defined in Eq. 4, where q is the heat flux per
unit of area crossing the interface from point X on the one
surface to point Y on the other, fx and 6y being the temper-
atures of the points on the surfaces and /(P) being the heat
conduction coefficient.

q = h(P)(Ox —by) “

600

————————————

o, [MPa]

I L L L
4 6 8 10 12 14 16 18 20
Time [psec]

Fig.11 Maximum principal stress, o1 in cutting tool A, for theoretical
chip thicknesses 71 = 0.10 — 0.60 mm, as a function of time
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Fig. 12 Maximal principal stress, o; and load function, 47 as a
function of time in tool A, for 2; = 0.20 mm (a) and 0.5 mm (b)

4.3 Interaction modelling

The interaction in a turning process can be divided into
three zones with different tribological properties, according
to [15]. These are a sticking zone, an adhesion zone and a
sliding zone. The sticking zone is apparent at high pressures
as around the tool tip, at low contact pressure sliding friction
is occurring and in the transition between these two zones is
where the adhesion behaviour is found.

In this report, the combination of the Coulomb’s and
shear friction model has been used, see Eq. 5, where 7 is
the frictional stress, u is the fiction coefficient, o, is the
normal stress and 7, is the shear strength of the workpiece,
which is defined as 7, = o/ /3 where oy is the uniaxial
yield stress. The reason this model is used is that the mecha-
nism behind the frictional behaviour is not fully understood;
therefore, this model has been used for reason of simplic-
ity. This model has been used in many earlier studies for

a Tool A b Tool B

d Tool D

C Tool C

Fig. 13 The interaction between the tool and the workpiece that gives
the peak in the maximal principal stress o, when 21 = 0.50 mm

example [3, 10, 20, 21].
7 = min (uoy, 7y) &)
4.4 Computational parameters

The orthogonal cutting process was simulated using a 2D
model in ABAQUS/Standard v6.12-3. The workpiece length
was taken to 5 mm and its height to 2 mm. The uncut
chip thickness, /| varies from 0.1 to 0.6 mm in intervals
of 0.1 mm. The same cutting speed as in the experimental
study has been used for all of the simulations. Four differ-
ent tools has been used in this work where tool A had a rake
angle y of 0°, clearance angle « of 5°, an edge radius rg
50 pum and no flank wear. Tool B had the same tool geome-
try as tool A but with the exception it has a synthetic flank
wear V By of 50 um. Tool C had had a rake angle y of 0°,
clearance angle o of 5°, an edge radius rg 50 ym, a cham-
fer angel y, of —20° and a chamfer length b,, of 125 um.
Tool D had the same tool geometry as tool C but with the
exception it has a synthetic flank wear V By of 50 um. The
width has been set to 3.2 mm for all of the tools; the tool
micro-geometry for the four tools can be seen in Fig. 8.
The number of elements in the simulation is variable as
it increases with both the theoretical chip thickness /41 and
as the tool progresses into the workpiece. For the simulation
where /1 is set to 0.50 mm and cutting tool one is used, there
are about 102,000 elements and 51,000 nodes were used at
the beginning of the simulation and 251,000 elements and
126,000 nodes near the end of the analysis. Figure 9 shows
the initial element configuration of the simulation with tool

@ Springer
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Fig. 14 The stress distribution
in the cutting tools, when the
maximal principal stress peaks,
when i; = 0.50 mm

a Tool A

¢ Tool C

D. The element edge length was about 2 pum in the shear
zone. The computing time needed for the machining sim-
ulation is about 3 days. The subsequent stress analysis of
the tool takes about 2 min, on a workstation with an i7 intel
processor and a memory of 16 GB. The elements used in
the workpiece were a triangular element called CPE3T in
Abaqus/Standard which is a 3-node plane strain thermally
coupled triangle, linear displacement and temperature. The
elements used for the tools were a brick element which has
the code CPEAT in Abaqus/Standard; this is a 4-node plane
strain thermally coupled quadrilateral, bilinear displacement
and temperature.

5 Results

In the first subsection of the results part, the simulated
cutting forces in the stationary phase are compared with
experimental data; this is done for tool A, since it has
the same micro-geometry as the insert CNMG120408 MF4
TP2500 which was used in the experimental investigations
for the cutting forces. Also, the simulated cutting forces at
the engagement phase are presented for all of the different
tool micro-geometries. In Subsection 5.2, the maximal prin-
cipal stress in the cutting tool at the engagement phase is

@ Springer

S, Max. In-Plane Principal
(Avg: 75%)
+5.352e+02

n

Max

Elem: TOOL-1.40165
Node: 5692

S, Max. In-Plane Principal
(Avg: 75%)

+4.460e+01
+0.000e+00
-2.984e+03

S, Max. In-Plane Principal
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Node: 5109

+5.352e+02

b Tool B

S, Max. In-Plane Principal
(Avg: 75%)

! +4.303e+02

+3.944e+02

+4.364e+02
+4.000e+02
+3.636e+02
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Elem: TOOL-1.40290
Node: 5633

-2.365e+03

Max: +4.364e+02
Elem: TOOL-1.32723
Node: 5636

d Tool D

presented. Subsection 5.3 investigates the effect the shear
stresses at the interface have on the maximal principal stress
in the tool. Subsection 5.4 covers the influence the micro-
geometry of the tool has on the stagnation zone. Finally,
Subsection 5.5 presents the effective stress in the tools and
its dependence of the different micro-geometries.
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Fig. 15 Maximal principal stress, o7 as a function of time for all four
micro-geometries, when 21 = 0.50 mm
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Fig. 16 Maximal principal stress, o7 as a function of time for all four
micro-geometries when shear forces are neglected. All simulations are
done with 27 = 0.50 mm

5.1 Cutting forces

In order to compare the experimental and simulated cutting
forces. The theoretical chip thickness has been converted
to orthogonal cutting using Woxns equivalent chip thick-
ness h., described in [34]. The validation of the cutting
forces in terms of comparison of the simulated forces with
experimental are done in the stationary phase. In Table 4,

Fig. 17 The stress distribution
in the cutting tools with
neglected shear forces, when the
maximal principal stress peaks.
All simulations are done with

h1 = 0.50 mm

a Tool A

€ Tool C

the correlation between the simulated and experimental cut-
ting forces is presented. In Fig. 10, the simulated cutting
forces as a function of time for all four micro-geometries
is presented; this figure illustrates force build-up in the
engagement phase and the beginning of the stationary phase.
As seen in Table 4, good agreement is obtained between
the simulated and experimental values for both the primary
cutting force and the feed force. This indicates that the
FEM model can produce reliable results for contact forces
between the cutting tool and the workpiece.

5.2 Maximal principal stress with shear forces

In this section, the effect of the theoretical chip thickness
has on the maximal principal stress is presented. The stress
distribution at which the maximal principal stress reaches
its maximum are also illustrated. In Fig. 11, the maximal
principal stress in tool A as a function of time is shown. It
can be seen that the maximal principal stress increases with
the theoretical chip thickness. The maximal principal stress
rapidly increases until it reaches its peak value. This peak
value occurs just before the cutting tool gains support at the
clearance face by the workpiece. This support introduces
normal forces at the clearance face that counter the normal
forces at the rake face, which leads to a decrease of the
maximal principal stress. Figure 13a illustrates the contact
between tool A and the workpiece at which the peak occurs
in the maximal principal stress in tool A, when 41 = 0.50
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Fig. 18 The magnitude of the

shear forces acting on tool A, at
time 45 ps. This indicates that a =
stagnation zone have been

developed in the cutting process
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mm. Figure 14a shows the stress distribution in cutting tool
A at which the peak value of the maximal principal stress is
achieved, when #; = 0.50 mm. As mentioned in Section 2,
the load function ¢4 has a strong correlation with the max-
imal principal stress o7. Since a high load in the T'-direction
and small supporting load in the A-direction should start to
bend the tool which should produce a high principal stress
o1 in the tool. As seen in Fig. 12, the load function @47 in
tool A develops a minimum just before the peak value of the

Fig. 19 The magnitude of the
displacement of the workpiece
material, illustrating the
formation of a stagnation zone
at the contact interface

€ Tool C

@ Springer

a Tool A

maximal principal stress o occurs. This indicates that the
FEM model is able to correctly capture this phenomenon.
The effect the micro-geometry for tool B, tool C and tool
D has on the stress distribution is also investigated. The
maximal principal stress as a function of time for all the
cutting tools is shown in Fig. 15 when the theoretical chip
thickness is equal to 0.5 mm. For tool C and D, the peak
value decrease; this shows that micro-geometries with a pos-
itive chamfer angle reduce of the maximal principal stress

b Tool B
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Fig. 20 Experimental visualization of the stagnation zone, due to the
obtained tool wear

at the engagement phase. It can also be seen that the peak
value is achieved later than for tool A and B. The reason
for this is that the chamfer in tool C and D has to be fully
in contact with the workpiece before the edge radius of the
tool comes in contact; this is where the peak value of the
maximal principal stress is reached. The interaction between
tool and the workpiece where the maximal principal stress
peaks can be seen in Fig. 13. A minor reduction of the peak
value of the maximal principal stress is also achieved with
synthetic flank wear present on the tool, which is the only
difference between tool A and B. It can also be seen that
tool B and D has a lower maximal principal stress at the sta-
tionary phase. The reason for this is that these tools have
a greater contact area at the clearance face due to the syn-
thetic flank wear. This increase the force at the clearance
face which counters the force at the rake face leading to a
lower maximal principal stress in the tool. The stress distri-
bution at which the maximal principal stress peaks in all the
four micro-geometries is shown in Fig. 14.

5.3 Maximal principal stress without shear forces

In this subsection, a stress analysis similar to the one in
Subsection 5.2 is presented; the differences is that in this
part the shear forces of the contact forces is neglected. The
reason for this is that all principal stresses in Section 5.2
are low in comparison to what the actual tool material is
able to handle according to experimental tests. As seen in
experimental investigation in Section 3, the tool undergoes
acceleration in the engagement phase; this leads to a motion
of the tool surface at the contact zone. This movement of
the tool will reduce the shear forces acting at the contact
interface. This means that the shear forces will change direc-
tion during the engagement phase and fluctuate around zero,
which in turn implies that the shear forces will be drasti-
cally reduced during this stage. As a result, a FEM stress
analysis of the tools with only normal forces active has been
performed. In order to investigate how this effect the maxi-
mal principal stresses in the different tool micro-geometries.

3000 T T T ;
. + Tool A
ks + Tool B
L Tool C| |
2500 + ToolD

2000 Ebtdes : 1
‘:h* S

= ++++“' AL L L e §
S 1500} E
bw
I‘
10004 : 1
500F ]
0 i i i i i i i i
0 5 10 15 20 25 30 35 40 45

Time [usec]

Fig. 21 Maximum effective stress, o, as a function of time for all four
micro-geometries, when 41 = 0.50 mm

All of the simulations in this section are done with the the-
oretical chip thickness equal to 0.50 mm. In Fig. 16, the
maximal principal stress for all the four cutting tools as a
function of time is presented. It can be seen that the shear
forces has a major influence on the magnitude of the max-
imal principal stress in the tool. When the shear forces are
neglected, the peak values of the maximal principal stress
are in the region of surface flexural strength of the raw sin-
tered cemented carbide tool material, which would lead to
a tool failure according to [30]. The curve where the shear
forces are neglected can be serving as an upper bound and
the curve with shear forces active a lower bound of the max-
imal principal stress in a real turning process. In Fig. 17, the
stress distribution of all the cutting tools is shown. It can
be seen that the shear forces do not have a sizable effect
of the actual distribution of the maximal principal stress,
compared with Fig. 14. It only has a major effect of the
magnitude of the distribution.

5.4 Stagnation zone

The stagnation zone can have a drastic effect on the wear
of the tool, since where the stagnation zone forms no
net motion between the cutting tool and the workpiece is
present. This should reduce the wear of the cutting tool
since the stagnation zone in the workpiece material will
act as a protective layer to the cutting edge. The presence
of the stagnation zone leads to a drastic reduction of the
shear forces at the interface between the cutting tool and the
workpiece since no motion at the contact surface is present.
Figure 18 shows the shear forces at the contact interface for
cutting tool A. As seen in Fig. 18, there is an area where
the shear forces indicate that a stagnation zone is present in
the process. Another way to illustrate the stagnation zone is

@ Springer
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Fig. 22 The stress distribution
of the effective stress at time
20 s for all the four
micro-geometries, when

h1 = 0.50 mm

Max: +1.8946+003

to monitor the displacements in the workpiece. At a stagna-
tion zone, the motion of the workpiece material should be
close to zero, leading to an area with very low displacement.
Figure 19 shows the displacement of the workpiece mate-
rial for all four micro-geometries. An observation is that
Fig. 19¢c, d which are the tools with a chamfer has a big-
ger stagnation zone, which in turn should lead to lower wear
of cutting tools of this type micro-geometry. In Fig. 20, an
actual cutting insert is shown where the wear on the tool is
significantly lower at the edge radius. This indicates that a
stagnation zone was formed at the edge radius of the insert.
This cutting insert has similar geometrical shape as cutting
tool A in this study, which verifies that the FEM model is
able to simulate the formation of the stagnation zone of a
turning process correctly.

5.5 Maximum effective-stress

In this subsection, the effective stress in the cutting tool
is investigated. It has been performed for all four micro-
geometries in order to determine the impact it has on the
effective stress of a cutting tool in a turning process. In Fig.
21, the maximum effective stress in the cutting tool as a
function of time is presented. It can be seen that the maxi-
mum effective stress does not have a peak value such as the
maximal principal stress; instead, it rapidly increases and
then reaches a stable value just after the initial contact with
the workpiece. The cutting tool geometries do not have a
major influence on the maximum effective stress after about
5 ps; all micro-geometries experience an effective stress

@ Springer
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value of about 1650—-1900 MPa. For tool C and D, the effec-
tive stress peak at around 9000 MPa in the interval 0 to 5 ps.
This is caused by numerical effects, when the sharp edge
that occurs when the rake angle changes from 0 to —20°
makes contact with the workpiece material. The maximum
effective stress as a function of time in tool C and tool D is
almost identical, as results in that the black data points of
tool D overlaps the green data points of tool C in Fig. 21.
The stress distributions of the effective stress in all the tools
at the time 20 ps are shown in Fig. 22.

6 Conclusions

The effect of the cutting edge micro-geometry on stress dis-
tribution plays an important role in cutting processes. This
study has shown that the micro-geometry can reduce the
maximal principal stress in the tool for both the engage-
ment and stationary phase. The result indicates that the tool
with a chamfer decrease the maximal principal stress by
about 20 % in the engagement phase. Tools with a synthetic
flank wear will reduce the maximal principal stress about
30 % in the stationary phase. These observations indicate
that tools with a micro-geometry with both a synthetic flank
wear and a chamfer are beneficial geometry features in con-
trolling stresses experienced by the tool that could lead to
failure. Optimizing the micro-geometry of the tool could
have a major impact on machining operations with several
engagements such as intermittent turning and milling oper-
ations. The reason that a chamfer effectively reduces the
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maximal principal stress in the engagement phase is that
the normal forces acting at the chamfer counters the bend-
ing of the tool along the axis perpendicular to the simulated
plane. Although both a chamfer and a synthetic flank wear
could increase the principal stress of the tool in the exit
phase, since here the workpiece will try to bend the tool in
the opposite direction along the axis perpendicular to the
simulated plane.

The FEM model and experimental results also indicates
that tools with a chamfer generate a larger stagnation zone at
the contact interface, which will reduce the tool wear in this
area. For tools with a chamfer, the stagnation zone is moved
up along the rake face. This leads to that a larger portion
of the workpiece will flow into the machined surface which
should increase the size of the deformation hardened layer
produced by the machining operation.
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