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Abstract

Tool wear is a significant problem for manufacturing companies and represents a major
challenge in their operations, but it is also a way they can gain a competitive advantage. To do
this it is important to set up a standard procedure to develop high performing tooling. This thesis
outlines how the Finite Element (FE) method can be used to understand and develop tool
geometry. FE based simulation, as a numerical method, is a reliable method to assess the
performance of a cutting tool before conducting machining tests based on the force and
temperature profile predicted by the FE model. Defining a mathematical model which can be used
as a built-in algorithm for tool wear prediction is very challenging and time consuming. Instead
there is a possibility of using other factors such as stress distribution and temperature
profile and correlate them to tool wear. In this research, the performance of different tool
edge radius in cutting has been studied through experiments and in parallel Updated
Lagrangian Models have been developed through ABAQUS/EXPLICIT for various cutting
conditions, and experimental data was used to validate the data that has been generated
from the finite element models. These models are very convenient to develop and capable
of being applied for other types of material and cutting conditions. Thus, they represent
an efficient way to reduce the amount of experiments needed to improve a tooling, the

machining process, and thereby provide an effective way to increase the machining

productivity of manufacturing companies.
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1. Introduction

Machining is a way to cost effectively realize dimensionally accurate parts with high
surface quality. Although the role of experimental work is undeniable, the advancement of
Finite Element Models has opened a new horizon to a broad range of studies to effectively
evaluate parameters such as tool life and workpiece surface integrity using fundamental
science. The finite element method is a numerical approach that divides the real problem
into a finite number of elements and their nodes, so instead of solving a complex problem,
a number of simplified elements can be solved. Once the element solutions are
consolidated, the resulting model can closely approximate reality if the model is very well-
defined. Although the basic ideas of Finite element method were introduced in the 1940’s,
its application to machining was initiated by pioneers around four decades ago. Klamecki
[1] defined a 3D updated Lagrangian finite element model which could capture chip
initiation. However, at the beginning of the 1980’s, the application of orthogonal cutting
through 2D FE models was developed by Usui and Shirakashi [2]. lwata [3] modeled chip
formation through a rigid plastic 2D model taking advantage of ductile fracture, but did not
include cutting temperature in his model. Strenkowski and Carroll [4] introduced a FE
model in which chip separation criteria were defined based on effective plastic strain. Lars
Olovsson [5] developed the Arbitrary Lagrangian Eulerian (ALE) method for simulation
of metal cutting. This method has been used by Ozel et al. [6] to predict the residual stresses

on finished surfaces. Arrazola et al. [7] incorporated variable friction data exported from a



pin and disk setup in the ALE model and obtained more promising results compared to

using a constant friction value.

1.1 Research objectives

In this research study, the performance of various cutting tool edge radius geometries has
been investigated through experimental work in order to better understand the evolution of
tool wear, also corresponding FE modeling has been developed to help in selecting the
cutting edge radius in an effort to maximize performance. The FE models were validated
with results from experimental studies and showed good agreement. FE analysis was able
to identify the cutting edge radius which would provide a high degree of performance. The
updated Lagrangian model which was used in this study benefits from the use of calibrated
Johnson-Cook damage parameters acquired from tensile tests. This model is particularly
useful as additional calibration was not required to achieve acceptable accuracy, thus it can

be used for studying various cutting conditions.

2. Literature Review

2.1 Mechanics of material removal

Metal cutting is an aggressive operation which is associated with large plastic strain,
high stain rate and stresses. As Shaw [8] clearly illustrated, cutting occurs when material
reaches a localized shear line in the cutting zone. This line is referred to as the shear plane.
The shear plane is the plane where the material separates as a chip from a piece of material.

This concept was first introduced by Merchant [9] , although a deeper understanding would



be required to get agreement with experimental results. For example, they proposed that
shear deformation mostly occurs along a straight line referred to as the Primary Shear
Deformation Zone (PSDZ). This is a reasonable approximation under ideal conditions but
since a perfectly sharp tool does not exist, and also if the material is ductile, the shear plane
is not a single line but rather an area. That means that the PSDZ is an area of dislocations

as shown in Fig 1.

a) b)

Fig 1) Shear plane for a) sharp tool, b) Rounded tool tip

It is assumed that most of the plastic deformation is in the primary region. As shown
in Fig 2, the Secondary Shear Deformation Zone (SSDZ) is the interface between the tool
(rake face) and chip. Sliding friction is the dominant mechanism in this area with shear
deformation in this region being less than that for the PSDZ. The Tertiary Shear
Deformation Zone (TSDZ), is the area where the flank face of the tool interacts with the
freshly machined surface. Fig 2, clearly shows that the chip thickness is larger than the
uncut chip thickness (t> t). The explanation of this phenomenon lies in how the material

effectively stacks up after the PSDZ forcing the chip to be greater in thickness than the



uncut material entering the cutting area. Based on the material volume conservation law
the chip length then is also shorter than the uncut chip length. This is required in order to

keep the material volume constant.

(s5D2)
Friction Tool
o t
/ 4
(PSD2Z) (TSD2)
Shear Deformation Plastic Deformation

Fig 2) Deformation zones in metal cutting

2.2 Oblique cutting vs. orthogonal Cutting

In any of cutting operation in which the cutting edge and cutting motion are not in the
same direction and make an angle with each other, oblique cutting is established. This also
occurs if chip flow (V¢) and cutting motion are in different directions. Thus, simulation of
this kind of cutting requires the use of 3D models. For the sake of simplicity, orthogonal
cutting has been used in either numerical or analytical simulations. Examples of this kind
of operation are broaching, sawing and planning. In orthogonal cutting, it is assumed that
there is no material flow in the third dimension and all deformation during cutting happens
in two dimensions. Consequently, modeling of cutting operations in this configuration is

easier to perform.



The following assumptions are the prerequisites of orthogonal cutting operations [8]:

1. A perfectly sharp tool which does not have any contact with the machined surface,
It should be noted this assumption is the foundation of the analytical models such
as Merchant and Lee & Shaffer, otherwise Primary Shear Deformation Zone
(PSDZ) will not be a straight line, as mentioned in “Theory of Deck of Cards”, by
Piispanen (1937),

2. The tool cutting edge is perpendicular to the cutting motion, as mentioned above,

3. No material deformation in the third dimension means material strain will be zero
as well, which then corresponds to 2D plane strain,

4. The width of the cutting tool should be larger than the workpiece width so that it

overhangs on both sides as shown in Fig 3.

.

fomas = r
4.')\:"‘— {7’ Oblique angle \&\\
f I\

-
el // el d |
r{______i// > e K\\\ :

a) b)

Fig 3) a) Orthogonal Cutting b) Oblique cutting



2.3 Analytical Models:

2.3.1 Merchant Model
Assuming that shearing occurs through a straight line, Merchant (1945) considered that
the chip layer is in equilibrium when the resultant force (R) at the tool-chip interface in the

SSDZ and resultant force at the PSDZ (R). Thus R=R.

Fig 4) Chip free diagram

In Fig 4, ¢, B and o are the shear angle, friction angle and rake angle respectively, Fc
and Nc are friction force and its normal, Fs, Ns are the shear and normal forces and Fp,
FQ are the cutting force and thrust force as measured by a cutting force dynamometer.
Interestingly, Merchant organized the forces such that there is a circle of diameter R which

covers the shear, cutting and frictional forces. This circle is known as the Merchant Circle,



and is shown in Fig 5. Analytical relationships between forces can be derived using this

circle.

Fig 5) Merchant Circle

By looking at Fig 5, Fp and Fq can be extracted based on Fs:

_ E cos(B~ )

P cos(p+ B —a) (1)
_ K sin(B—a)

Fo= cos(p+ B —a) @)

Also from the chip diagram, the shear plane area can be obtained by the following equation:

As = b t/sin(p 3)

By plugging Eq (3) in to Eq (1) the following equations for Fpand Fq can be found:

_Tbt cos(f — a)
~ sing cos(p + B — )

B

(4)

7



_ bt sin(f—a)
~ sing cos(p + B — a)

(®)

Q

Within F, cutting force, Fq feed force, t is the uncut chip thickness, 1 is the shear strength
of the workpiece material, b is the width of the cut. ¢, B and a are shear angle, friction

angle and rake angle respectively. After full analysis, the following equations can be

extracted:
F; = E,cosp — Fysing (6)
Ng = Fycos@ + E,sing @)
F, = Fycosa + F,sina (8)
N¢ = Eycosa — Fysina 9)

Accordingly the Coulomb coefficient of friction can be calculated as shown below:

F,  Fycosa + E,sina

. E B E,cosa — Fysina

= tan (10)

Shear angle is a determinative cutting parameter in that other parameters dependent on it.
The larger the shear angle, the smaller the chip thickness, which then requires less cutting
energy to form and break it off of the workpiece. Merchant relied on the minimum energy
law and assumed that cutting energy should be minimum. So if cutting speed and shear

strength are constant then:

diFp V) d (Vtbt cos(B—a))
dp %(simp cos(p + B — a)) =0 (1)
d , B
% ((sing cos(p+f—a)) =0 (12)

8



By using the knowledge of trigonometric relationships, after derivation, the equation will
be displayed as follows:

cosCo+pf—a)=0 (13)

s
2(,0 + ﬁ —a= E (14)
Eq (14) is the solution that Merchant offered to predict the shear angle. The weakness of

this model is that material properties have not been considered. In the modified version of
the Merchant model, the shear strength of the material is not constant but is dependent on
normal stress.

T=19+ki0o (15)
Based on this assumption and performing the same procedure as above, the shear plane

solution will be derived as shown below:

20+ —a=cot 1k, (16)

2.3.2 Lee and Shaffer

In this model it is assumed in PSDZ orthogonal lines which are called slip lines
corresponding to maximum shear stress which is intuitive from Mohr’s circle diagram.
Also, slip lines meet the free surfaces at 90° which corresponds to 45° in the 2D plane
surface. A free surface is a surface where both the normal and shear normal surface are
equal to zero, so it will be the coordinate origin. By looking at Mohr’s circle solution, the
following relationship can be obtained:

9 +p—a=45 (17)



f
Ty /
! 28

b(0,0)

Free surface

Fig 6) Lee and Shaffer shear model based on Mohr’s circle

This also can be verified by the assumption that F; is in the direction of maximum shear

stress and R is in the direction of principal stress Fig 7 as mentioned above that the angle

between principal stress and maximum shear stress is 45°. With this the same expression

shown in Eq (17) will be obtained.

Fig 7) Proof of Lee and Shaffer
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Although this model is still used as an analytical solution, it is not able to predict reasonable
values for the shear angle at a zero rake angle and for a friction angle equal to 45° as we
have:

=0 (18)

Which is not an acceptable value for shear angle.

2.4 Chip formation

A chip is a hardened and brittle flake of material which is curled due to shear failure in
PSDZ which was outlined in detail in the previous section. Knowledge of chip morphology
is vital for machinists, researchers, and scientists as it helps them understand what is
happening in the cutting zone. Chip formation is dependent on cutting conditions such as
cutting speed, feed, and depth of cut, material being cut and cutting insert geometry. Lack
of knowledge in this area could cause low productivity due to rapid tool failure, and poor
surface finish because of thermal errors and dimensional inaccuracies. Further, as the chip
is harder and sharper than the workpiece material after it undergoes large plastic
deformations, conditions such as chip jamming can cause scratches on the workpieces and
thus increase the surface roughness.

Chips are formed in different shapes depending on cutting conditions. There are four
descriptors generally used, which are:

1- Continuous

2

Discontinuous (segmented)

3- Continuous with Built up Edge (BUE)

4

Saw tooth chips.
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Continuous chip formation is common in the cutting of ductile materials such as mild
steels (AIS1 1045) and aluminum, especially at high cutting speed when the material softens
under the high temperatures associated with high speed cutting. Segmented chips are
formed in brittle materials (cast iron) and materials with low thermal conductivity like
(Titanium) at a low cutting speed and a high cutting feed. In continuous chips with BUE,
normally high friction and low cutting speeds lead to adhesion of fragments of the
workpiece material to the cutting tool. BUE, however, is an unstable piece of material
which breaks off and forms cyclically over time. Saw tooth chips are semi-continuous chips
with high and low shear deformation areas which normally result in the formation of
discontinuous chips. However, because of the high normal stresses in the PSDZ, the cracks
which form are closed and semi continuous chips are formed. This type of chip, which is
also known as a lamellar chip is formed mostly in hard-to-cut materials, such as hardened
steels, which are machined under a high cutting speed. Also, when the rake angle is

negative, the chance of this kind of chip forming is high.

d)

Fig 8) chip types, a) continuous chip b) Discontinuous chip ¢) Saw-tooth chip d) Continuous with
BUE
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Although the chip itself is not significantly important in a machining operation as it is
generally recycled, the management of it still represents a cost factor in production and its
formation is one of the best signs of whether the cutting conditions are appropriate or not.
For example, as can be seen in Fig 9, the spectrum of blue colours on the chip resulting
from cutting AISI 1045 in the plunging test, which was done in this study relate to
temperature. It is important to know that, by increasing cutting speed, heat will be dispersed
more into the chips than the tool or workpiece so, as can be seen in Fig 9 at a high cutting
speed of 400 and 500 m/min chips, a high temperature results as shown by the spectrum of
blue colours. The use of chip colour to assess machining temperature was mentioned by
Nakayama [10]. This phenomenon, which is called bluing results when heat builds up in
the chip and for this material increases the fracture toughness of the chips so they are more
ductile and thus harder to break. Normally, higher chip stiffness (brittleness) helps to break

the chip easily.

Cs=500 m/min Cs=400 m/min
DOC=2mm DOC=2mm
F=0.2mm/rev F=0.2mm/rev

Fig 9) Hard to break chips generated from AlISI 1045
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K. Nakayama [10] claimed that the chip breaks when the bending strain reaches a

specific value called e and the following relationship was proposed by him:

(19)
Tool insert |

I!: ,‘ /
) K Ry h!
"\ "\ Ve

Workpiece

Fig 10) chip formation by using chip breaker [11]

Where hc is half the chip thickness, Ro is the natural chip radius, which is the natural
curl form of the chip without using any chip breaker, while, Ry is the radius of chip curl
after using a chip breaker or applying a bending moment. From Eq (19), one can conclude
that chip breakage can be facilitated by increasing hc or chip thickness, and that can be done
by increasing uncut chip thickness (feed in our study). Another way is to reduce the
breaking strain (gc), which can be done through the use of cryogenic coolant in machining,
alloying, or other processes that increase the brittleness of the chip and facilitate chip
breakage. Last but not least, using a chip breaker can help to reduce Re. It is important to

mention that if;
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Ry, =R, (20)

The left side of the non-equation will be zero, which means the chip will never break. Fig
11Fig 10, illustrates an example of this situation in this study where the length of chip

reaches 150 cm when carbide inserts that do not have a chip breaker were used.

Fig 11) non-breakable chips in the left side vs. chip jamming in the right side in same operation

Traditionally, to study chip formation, researchers have used a quick—stop device as
shown in Fig 12, which was first used by Boothroyd [12]. This mechanism is designed so
that it can withstand cutting forces but once the tongue engages the pins embedded inside
the mechanism are sheared and freeze the chip in the cutting zone, which is already formed
along the tool rake face, is preserved. Capturing cutting forces through experiments and
looking for sudden changes or any discontinuity or fluctuation in the force can be used to

identify where chip breakage is occurring. For example, Zhang et al. [13] determined that
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an increase in cutting speed increases the chance that saw-tooth chips are forming in Inconel
718, and this is the main reason for force fluctuation in this process. However, one of the
most efficient ways to study chip morphology is with the finite element method. Ashwin
Devota et al. [14] studied the effect of rake angle and feed on chip formation of AISI 1045
using the finite element method. This research showed the importance of stress triaxiality

in predicting chip formation accurately.

Curting
tool

Tool hoider _

Guide block

Cullino’_’,-
tool

Holding _

% il
ring & N 1 — Tongue
MR —
) B B kbt - |
Shearpins— L1 J-TTT== v _ |
Guide block —‘_{'— —J

Fig 12) Quick stop device [12]

2.5 Temperature in machining

Temperature rise is the outcome of plastic deformation, and in some studies, it is
considered that almost one hundred percent of plastic work is converted to heat in the
process. Temperature has a dominant effect on tool life and, similarly, on the workpiece
surface integrity compared to other factors. Studies showed that the largest portion of

cutting energy is consumed in the PSDZ (75%) which means that most of the heat is being
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generated in this region. Depending on the heat transfer values for the material this heat
energy is conducting back into the workpiece or the tool or remains with the chip. The rest
of the cutting energy (25%) is being consumed to overcome friction in the SSDZ. As the
tool wears out, the contact area between the tool flank face and the freshly machined surface
increases, as the area associated with the TSDZ grows it contributes more to heat generation
and also heat transfer into the tool and workpiece. Increasing the machining speed has been
shown to increase the cutting temperature [15]. Accordingly, for materials such as low
carbon steels, Aluminum, etc., cutting speed can be very high approaching 1000m/min,
while for materials like Titanium cutting speeds are generally in the 50m/min range.
Titanium alloys are poor conductors of heat thus most of the heat generated in these
applications will be conducted into the cutting tool, resulting in temperature build up in the
tool leading to faster tool wear. Thus, cutting speed is a limiting factor for these kinds of
materials. The question here is that, if most of the energy exchange in the PSDZ is almost
three times that in the SSDZ, why is the location of the maximum temperature on the rake
face? To explain this phenomenon, Boothroyd [12] in Fig 13 illustrates that if one point,
such as Y, crosses the PSDZ and moves along the rake face, it is in contact with the rake
face for an extended period of time. Accordingly, the area of heat conduction with the tool
is much larger than the PSDZ, so the maximum temperature is located on the rake face.
The distance of this point from the tool tip depends on the contact area of the tool with both
the chip and the machined surface. The closer the maximum temperature is to the tool tip,
the more unfavorable it is because the cutting edge will be more prone to tool wear, and

this heat disperses more to the workpiece than to the chip as mentioned earlier. Astakhov
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[16] claimed that, by increasing cutting speed and maintaining relative tool sharpness, more
of the heat generated can be dispersed to the chip (80-90%), with 5-10% going to the
workpiece and the remaining 5-10% going to the tool. That is why increasing the cutting
speed does not necessarily increase the temperature at the tool chip interface as more heat

IS going out with the chip.

Fig 13)Temperature profile captured by infrared camera [12] vs. FEA

Rl
A 80
F |60
>~ -Qm
o
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AIS| 1045
Uncoated tool
20 v = T5Sm/min
dy =2.5mm
|
1 2 3 4 5
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>

Fig 14) Heat dissipation percentage to tool, workpiece and chip [8]
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As mentioned earlier, in metal cutting, heat transfer is the energy derived from plastic
deformation. Abukhshim et al. [17] simply considered that the plastic energy will be fully
converted to heat so:

Pn=F,.V (1)

P = 22)

Where Pn is the heat converted in the PSDZ, F; is the tangential force, V is the cutting
speed, Ps is the converted heat in the SSDZ, which should be calculated based on the
frictional force (Fc), and r is the chip thickness ratio.

P, =P +Ps (23)

Boothroyd [12] assumed that the percentage of the heat is transmitted to workpiece (I') and
(1- T') of that is dispersed to the chip. Where T is obtained from the following empirical

equation:

I'=0.15In

27.5 ] (24)

R.tan @

Where ¢ is the shear angle and R is a non-dimensional parameter called the Peclet number
[18]:

_V.tb
“/p.c

(25)

In this relation, V, t and b are cutting velocity, the uncut chip thickness and the workpiece
width respectively, K is heat conductivity, and p and c are density and the specific heat of
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the material used. This dimensionless parameter interestingly displays the predominant
mechanism of heat transfer, which could be either due to physical transportation or
conduction. Boothroyd [12] assumed that heat transfer inside a material happens through
these two methods. Transportation occurs when the hot material flows so it has speed, while
in conduction, velocity is not required but is rather controlled by the material’s thermal
conductivity. So Q: and Q2 are heat transfers through conduction and transportation

respectively:

de
__ 2

Q4 kA o (26)

Q, = pcvA 6 (27)

Where d6/dx is the differentiation of temperature over a known distance, 0 is the
average temperature and A is the area of heat transfer. Thus, it is now clear that the Peclet
number incorporates the transportation heat transfer mechanism in its numerator and heat
conduction is placed in the denominator. So, by increasing speed, this parameter will
increase, which shows that transportation is dominant at a high cutting speed as there is
insufficient time for conduction inside the material.

He then obtained the following equations for temperature rise at the PSDZ, SSDZ and

within the chip itself:

(1-T).P
=——"F (28)
pcvth
Py
- 29
% pcvth (29)
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R.t,
l

Om =113 65 (30)
0s, Of and Om are the average temperature rise in PSDZ, SSDZ and maximum temperature
rise in the SSDZ. Lt is tool chip contact length, which can be obtained from the following

equation:

l
tl =1+tan(p — a) (31)

c

Finally the maximum temperature on the chip is achieved by the aggregation of all

mentioned temperatures plus 8o, which is the ambient temperature.

Omax = O + 65+ 0Oy (32)

The parameter called thermal diffusivity is a specific feature of each material which
exhibits its response to the temperature difference. In simulation, as machining is a high
speed process instinctively heat transfer between elements and surrounding area can be
neglected. Hence, this process is assumed to be adiabatic and heat transfer will be occurred

just between the tool and the workpiece.

a=— (33)

In this equation, k is the thermal conductivity, p is the material density and C, is the specific
heat capacity. In contrast, the parameter thermal effusivity (Bn) is the capacity of each

material to absorb the heat and can be defined as the ratio of heat absorption of the

21



workpiece to the one of the tool. In other words, this parameter reflects what share of the

heat leads to the temperature rise of the tool (master) and that of the workpiece (slave).

\ Ps CsKs (34)

- \/ps CsKs + \/meme

Bu

By plugging the average values from Table 3and Table 4 for both tool and workpiece in
this equation Bn can be obtained from Eq (35).This value is being used as the input in the
simulation.

B 13961
"~ 11036.3 + 13961

Bu = 0.558~0.56 (35)

It has been assumed in many studies, such as [12], [13] that 90% of the energy consumed
for inelastic dislocations is converted to heat, so by saying that, in Eq (35), the fraction of

inelastic dissipation rate (nm) was set to 0.9

Qpl=nnoé (36)

Where Qpi is the transferred heat because of plastic deformation, o is the plastic stress and

£ is the plastic strain rate.

2.6 Cutting Edge Geometry

The tool geometry in the machining process is a significant parameter which affects not
only the tool longevity, required cutting forces and temperature but it plays a very important

role in surface quality, residual stress and surface integrity in general. As the tool moves
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through the workpiece it cuts the material along at least two surfaces. So except for specific
applications such as with orthogonal cutting, each cutting tool should have at least two
cutting edges to ensure proper chip formation. These cutting edges are: 1- Main cutting
edge 2- Auxiliary cutting edge. In one geometry categorization, the cutting inserts are
divided into single-point cutting inserts such as turning, boring, planning, etc. and multiple
point cutting edges such as milling, drilling, tapping and reaming, which is not part of the
scope of this study. A single point cutting insert can come in three different clamping
shapes: 1-solid single point cutting tool, which is not very common in advanced machining
but was used on manual lathes. 2- Cutting inserts with brazed inserts, which involves
cutting insert material brazed onto the tool shank. 3- Cutting inserts which are clamped to

the tool shank, Fig 15.

Side rake angle

Back rake angle
.
- »  Siche relief angle

End Relief angie \ side cuting

é edge argle
Ind cutting ecige
angle

Nose
Radius

Fig 15) Different types of single point turning inserts

23



In another categorization, cutting tools are generally divided into three groups: 1-Sharp
edge tool, 2-T-Land/Chamfer edge and 3-Hone/round edge [14]. Cutting tool edge
definition is a comprehensive observation of the cutting tool performed with both
macroscopic and microscopic characteristics [15]. Macroscopic geometry features are the
ones by which each cutting tool is known commercially, such as rake angle and nose radius.
Rake angle is the angle that the rake face makes with the vertical line and the clearance
angle is the angle between the flank face and horizon line, Fig 16. Negative rake angle
inserts are prevalent where the workpiece material is hard-to-cut, such as hard steel, as the
cutting insert is required to be strong enough to withstand high cutting forces, while positive
rake angle inserts are mostly designed for softer materials such as Aluminum, which can

facilitate chip formation.

a: rake angle
y: Clearance angle

Fig 16) Definition of tool angles
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Microscopic features are actively involved in the cutting operation and minor changes
in these parameters lead to a significant difference in terms of cutting performance. This
example, proposed by Denkena and Biermann [19] in Fig 17 can clarify the difference
between these parameters. As can be seen, the rake angle is positive on the macroscopic
scale while right at the cutting edge in the small scale, a large portion of the cutting tool in
the transition area between the rake face and the flank face exhibits an effectively negative
rake angle. So it should be considered that an ideal sharp tool does not exist, and tool
bluntness can directly affect cutting forces, surface integrity, etc. Denkena and Biermann
[19] also mentioned that, for a decade, a broad area of research has been dedicated to cutting

tool microgeometry characterization.

Effective cutting Rake face
direction

<

Y: Rakeangle
Yo Effective rake angle

Workpiece

: Yl i1 o y
o A Yem2<Y
Y }"‘ Yerr3<Y
Ideal sharp Flank face

Fig 17) Macroscopic and Microscopic features of a cutting insert [19]

A chamfer is a microgeometry feature which can be defined by a chamfer length [zand
chamfer angle y;. See Fig 18 for details. While edge radius measurement still is a big

challenge as it is difficult to define with a unique value.
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Rake face
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Wedge

Flank face

Single chamfer Double chamfer

Fig 18) Chamfer geometry characterization [19]

Traditionally, in order to measure the cutting edge radius a circle where the intersection
of flank and rake face could be approximated by at least three data points and edge radius
could be measured. However, for asymmetrical shapes due to wear, chipping, burr and
coating imperfection, one unique value for edge radius cannot be applied. As seen in Fig
19. Increasing the number of data points on the cutting edge radius increases the accuracy,
but the method of fitting and the number of measured data points depends on the user,

which can change and is thus not consistent.

Fig 19) Worn tool surface irregularities
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Denkena and Biermann [19] proposed a more reliable method to measure edge radius
which was referred to as a Form Factor (K-factor), which assigns three values instead one

value to measure edge radius.

Fig 20) K- factor method for cutting edge characterization [19]

In Fig 20 Sa and Sy are the cutting edge segments on the flank face and rake face,
respectively, Ar is the shortest distance between the actual tool to the ideal sharp tool, and
its corresponding angle ¢ (Apex angle) are both indications of the bluntness of the cutting

tool compared to an ideal sharp tool.

S = > @37)
k= j—z (38)

Here 5 is the average cutting edge radius and k is called the Form Factor which shows the
orientation of the radius to either a flank or rake face. This method facilitates tool edge
radius measurements, in particular for asymmetric geometries. However, there is still

uncertainty in finding flank and rake face tangents. Rodriguez [20] also introduced a
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method based on fitting a polynomial of sixth degree on the cutting edge, however, the
main disadvantage of this method is the high deviation between the fitted polynomial and
the actual edge radius. Another idea, proposed by Uhlmann et al. [21] was a detailed tool
geometry characterization which considers tool edge geometry and uncut chip thickness
simultaneously. This method has been followed by other researchers by looking at tool

engagement at the micro scale compared to tool edge radius (%) Fig 21. This method is a
B
comprehensive approach to finding the active microgeometries which are involved in
cutting, however, again, its dependency on edge radius (rz) and inaccuracy in measurement

still exist.

Wedge k\

\. Chip
N
Rake face

Chamfer Break-oft Point P,

h,,

$ hy(:=0)

p- .- T ! . -
. ContactpointP, PloughingareaA, Workpiece
Break-off Point P,

L, = Contactienght L,y = Primarycontactlength on flank
; onrakeface L,y = Secundary contact length on flank
Ly = Contactlength L, = Contactlength of transition zone
on flank face

Fig 21) Uhlmann method for edge radius characterization [19]

Looking at recent literature, it is evident that Denkena and Biermann’s idea is still prevalent

among researchers, so the appropriate data has been extracted for this method from the
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Alicona Infinite Focus microscope, used for the edge radius measurements in this study.
The setup associated with this measurement is built into the software provided by Alicona.

This will be detailed in the Experimental work chapter

2.6.1 Chamfered Tools

The purpose of using a chamfer on the cutting edge is in having two or more effective
rake angles engaged in the cutting zone. Normally the first one or two rake angles are
negative and can reinforce the tip of the tool against concentrated forces compared to a
sharp one, while the main rake face is still positive [22]. By doing this premature tool
breakage can be avoided and there is a better heat transfer rate compared to a bulky tool
with a negative rake face. However, a small chamfer with a negative rake face also can
create a region beneath itself which is called a “Dead Metal Zone (DMZ)”, which not only
increases the cutting forces, but also affects the dimensional accuracy of the final part due
to the variation of DMZ size during the machining process as reported by [22], [23].

Yen et al. [24] developed a FE model and applied in a comprehensive study on tool
edge effects studying parameters such as cutting forces, temperature profile, shear and
normal stress distribution at the tool-work interface. The results clearly showed that by
increasing both the chamfer angle and width, cutting forces will be increased with more

effect on thrust forces due to the larger projected length on the flank face.
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Fig 22) The effect of chamfer angle on cutting forces [24]

They showed that the temperature profile is also sensitive to the chamfer edge angle
and width, with the maximum temperature occurring at the upper chamfer corner. However,
as this value becomes larger, the maximum temperature will be shifted to the lower chamfer
edge where the tool tip is located. Thus, by increasing the chamfer edge and angle, the

maximum temperature will be larger and the temperature profile will be moved to the flank

face.

2.6.2 Honed tools
In this study, the effect of a variation in the tool edge radius on the cutting forces,
temperature and stresses have been studied. Increasing the edge radius has a significant

effect on the cutting forces, mostly on the thrust forces, as the effective rake angle is
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negative and the ratio of (t/tc) becomes larger, which results in a plowing effect and
respectively more cutting energy and forces will be consumed to remove the material. The
plowing effect has an adverse impact on the surface, as the surface roughness increases.
Since a larger edge radius can cause greater plastic deformation or a greater friction area
[25], this, in turn causes more generated heat which will be transferred to the work and tool,
and then higher temperature will be attained. On the other hand, a larger edge radius
provides wider area for heat conduction which results in a lower temperature. Hence, these
results created an opportunity for the optimization of the edge design. Cutting edge radius
variation can also affect the surface integrity, for which residual stress is a determinative
parameter. Based on the literature, the machining of AISI 316L was studied both
numerically and experimentally by [25]. As mentioned above, larger edge radius leads to
greater plastic deformation and a higher temperature which plays an important role in
increasing the tensile residual stress on the workpiece surface, followed by more
compressive stress in deeper layers of the workpiece material. By plotting a velocity profile,
Nasr [25] noticed that the stagnation zone is a triangular shaped area close to the tool tip
which, by increasing edge radius, will be extended. Interestingly, the stagnation zone tip,
called the stagnation point, for all the edge radii was the same distance (T) from rake face,
while its distance from the machined surface (h) became larger Fig 23.The same trend for
the residual stress was observed by others [26] for high speed machining of AISI 4340 and
for cutting forces and temperature for the coated carbide tools as observed by Al-Zkeri et
al. [27]. Although the direct relationship between cutting forces and edge radius were

verified by all the mentioned research studies, this was not the case all the time as reported
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by Fulemova and Janda [28]. In their project, they measured tool wear and cutting forces
for three different edge radius geometries: 5, 10 and 15 pum. As it was expected, the
sharper the edge was, the more wear they observed. The same trend was seen for surface
roughness, with the exception of 10 um as it had more defects on the tool edge
compared to the sharp one. Interestingly, force measurement results showed that for
reducing edge radius 15, 10 and 5 pm cutting forces increases respectively, and this is

due to the higher wear rate of the sharper tool as compared to others.

R10

0,05 mm

Fig 23) Stagnation point distance for a) R75 b) R100 [25]

Subbiah and Melkote [29] studied the effect of edge geometry on material deformation in
the cutting zone. In their study they used a “quick stop device” similar to the one introduced
earlier in this thesis. This setup stops the machining operation and freezes the chip while it
is still attached to the workpiece. Thereafter, the cutting zone is removed by wire EDM and
mounted in an epoxy polymer. All the collected samples were polished, and this process
was completed by etching. He observed that the tool tip engages with the workpiece as the
material is mostly under tension and three situations may occur: 1- The workpiece material

is ahead of the upper and lower part of tool edge radius and both sides are in equal tensile

32



force, so fracture happens in the middle, 2-Tensile force is stronger in the upper side (or
material is weaker), so fracture will happen at the upper side of the mentioned region, and

3-Tensile force is stronger at the lower side, and fracture will occur on the lower side.

i Upper Edge |

»

| Lower Edge

-

Middle zone |

Fig 24) different zones of the chip root

2.6.3 VMG cutting inserts

Tools with uniform cutting edge radius are common, as they are easier to manufacture,
however, in some conditions, a uniform cutting edge could have an adverse effect on
cutting forces, temperature and surface quality, while Variable Microgeometry (VMG)
tools can be used instead. In uniform cutting edge, when the ratio of edge radius to uncut
chip thickness decreases, friction increases and the plowing effect will be more dominant
than cutting, which could result in higher cutting energy consumption and, because of
higher plastic strain, temperature will be increased which, in turn, leads to faster tool wear.
As can be seen in Fig 25, with a uniform constant edge radius, at the leading cutting edge
(section A-A), the edge radius is smaller than the uncut chip thickness when normal cutting
happens, then at the section B-B corner the radius is almost the same as the uncut chip
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thickness which causes rubbing of the surface instead of cutting, and, finally, at section C-
C where the corner radius is larger than the uncut chip thickness, plowing is unavoidable
[30]. Using a variable microgeometry, even at the trailing cutting edge, where material is
trapped, a smaller edge radius with regards to the uncut chip thickness, plowing could be

avoided.

cutting edge 7

Trailing Al - \
ee

Leading
cutting edge

A-A
Uniform /Vanab!e N rake face
Edge Edge ——
Preparation /\ Preparation B 1

Fig 25) Comparison between conventional microgeometry and variable microgeometry [31]

Karpat and Srivastava [31] conducted a study on four various inserts (waterfall, honed,
chamfered and variable microgeometry (VMG)) in the same cutting condition to cut AlSI
4340. Temperature and cutting forces generated for these cutting inserts were measured.
As expected, VMG cutting insert temperature distribution showed lower values than the

others due to a more stabilized ratio of edge radius to uncut chip thickness. Fig 26.
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Fig 26) Temperature distribution for uniform and variable microgeometry tool [31]

2.7 Tool Wear

In any material removal process, tool wear is an inevitable phenomenon, which can be
due to high temperatures such as those experiences when machining workpiece materials
such as low thermal conductive materials like titanium, etc. Thus, to have an efficient
cutting process with high productivity, one should consider all parameters which can cause
tool failure. It has been shown that when two materials are in contact with each other, the

following equation can be applied:

B
7 = kAr (39)

Where B is the wear volume, L is the sliding length, k is the probability of wear particle
formation and Ar is the real contact area. Burwell and Strang [32] justified this relationship
using a pin and disk setup. In this experiment a preloaded soft pin was mounted in a

stationary position on a rotary disk. This test characterized the wear volume for different
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sliding lengths. Also by knowing Eq (39) and plugging it into Eq (40) the following
relationships can be formed:

P=AgH (40)

(41)
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Fig 27) Pin and disk friction test by Burwell and Strang [32]

H is the hardness of material and P is the applied normal load on the pin. The ratio of K/H
is constant for a pair of materials in contact until where Ar and wear rate does have an
abrupt change.[8] This location was where the ratio of P/A reaches H/3 in the Burwell test.
This value (H/3) corresponds to the yield stress of the tool. To explain more clearly, it is
better to refer to Fig 28, in the initial period, as a brand new tool is sharp and the contact
area is very small, the ratio of force over area might be large enough to reach its yield stress
and thus results in rapid tool wear, so the dominant wear mechanism here is more related
to plastic deformation and depends on the tool/work pair and cutting conditions. In the

second region the aforementioned ratio is less or at maximum close to the yield point, so in
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this region other wear mechanisms are prevalent. In the failure region as thermal softening
will happen, the value of yield strength might lessen and this in turn results in an
accelerating tool wear rate until the point where final failure happens. The final value is
different case by case, however, conventionally if the flank wear reaches 300 pm, it

technically is the end of tool life.
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Fig 28) Tool wear curve regions

2.7.1 Flank Wear

As its name suggests this kind of wear occurs on the flank face close to the machined
surface. Generally, this type of wear is more of interest compared to crater wear, since the
width of the flank wear is more evident and this facilitates the wear measurement under

optical microscopes. This type of wear not only affects the tool life, it also has an adverse
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effect on the quality of the machined surface and its dimensional accuracy by increasing
surface roughness as it is more in contact with the workpiece. When the worn flank face
rubs the machined surface, it leads to a rise in the normal load (feed forces). Moreover, due
to high friction between the tool and the machined surface, the temperature will increase as

well which in turn leads to tensile residual stresses in the surface, which is not favorable.

Frank woar

bandwsdih (FW) Crater wear
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Flank wear »
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Fig 29) Flank wear vs. crater wear

2.7.2 Crater wear

Although the area of the crater wear is more visible, the maximum depth of crater wear
is the parameter that continuously changes during the cut, so this is more of interest for
measurement, however, it is rather difficult to measure. This type of wear is normally not
harmful for the workpiece and even sometimes larger crater wear could work as a chip
breaker and facilitate chip curling, however, as it progresses it makes the tool weaker and
weaker until catastrophic failure occurs through large crack formation. As can be seen in
Fig 30, in the plunging test that has been performed in this study, crater wear was more
evident, while flank wear was used to follow tool wear evolution since the difficulty of
measuring crater wear still exists.
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Fig 30) Crater wear

2.8 Tool wear Mechanisms

There are six major tool wear mechanisms that depend on cutting conditions; one or a
combination of wear mechanisms could occur during the cutting process. Li [33] showed
at low speeds, which implies low temperatures, the dominant wear mechanism is abrasion
and adhesion, but as cutting conditions gets more severe, such as those experienced under
a higher cutting speed, feed, oxidation and diffusion become more prominent. Fig 31 shows

that under high cutting speed conditions (high temperature), the probability of adhesion is

negligible.

Wear—s

Abrasion

Cutting temperature e
(Culting speed, feed, etc)

Fig 31) tool wear mechanisms vs temperature and cutting speed [33]
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2.8.1 Adhesion

This type of wear is caused by welding of workpiece materials to the surface asperities
on both the flank and rake faces of the tool. As the material flows along these two tool
faces these welded materials abruptly break off. This can cause fragments of the tool to
break off. The wear volume of this type of wear is not necessarily large but it progresses

over time to break down the edge of the tool.

2.8.2 Abrasion

Generally, when abrasive particles such as sand and silicon inclusions are present in the
workpiece material composition, abrasion can cause severe damage, mostly on the flank

face of the tool.

2.8.3 Diffusion

This type of wear mechanism pertains to material diffusion with atoms migrating from
regions of high concentration to low. For example, if low-carbon steel were to be cut by a
diamond tool or diamond coated tool the carbon in the diamond will diffuse at high
temperature and load into the low carbon steel, this transfer of carbon to the workpiece will
result in diffusion wear in the surface of the tool breaking down the cutting edge and
generating crater wear in the region of highest temperature on the tool. Elevated
temperature is the main reason for diffusion wear. Further, as the material flow velocity of
the chip near the edge of the tool is very low so materials will have enough time for atom

exchange at high temperatures.

40



2.8.4 Oxidation

When the cutting process performs at a constant depth of cut, the cutting tool includes
two portions: The portion where the tool engages with the workpiece constantly, and the
free surface that is exposed to the oxygen in the atmosphere which causes oxidation which
is accelerated at high temperatures. The wear that is caused by this mechanism is called
notch wear. Also the location of notch wear lines up with the depth of cut. Notch wear is
tractable if appropriate strategies are applied. Taper cutting is one solution that can provide

a variable depth of cut to avoid notch wear.

2.8.5 Fatigue

There are some cases in which fluctuation of thermal or mechanical load due to cyclic
load causes cracks on the tool, such as intermittent cutting (milling), various feed and
cutting speed. Also cyclic cooling and heating, and selection of wrong exit and entry angle

can also impose high thermal and mechanical loads on the cutting edge [34].

2.8.6 Plastic Deformation

In this phenomenon because of high thermal and mechanical load, the tool surface
plastically deformed which mostly occurs at the initial step of tool wear where tool edge is
sharp and the stress concentration on the tool edge can exceed the tool yield stress. Plastic
deformation on the cutting edge in advanced stages can result in edge chipping, which

means large fragments of the cutting tool can be broken away.
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Fig 32) Plastic deformation and edge chipping [Sandvik]

2.9 Edge Preparation

As discussed briefly in the cutting tool geometry section, edge preparation is a
mechanical process which removes burrs, defects, sharp spots and any cutting edge
irregularities on a tool. This process provides a more uniform cutting edge surface, which
helps the coating layer to be deposited with better quality, also it can prevent tool chipping
and plastic deformation in early stages. As Denkena and Biermann [19] reported, edge
preparation methods, which are commonly used in industry include wet and dry abrasive
jet machining where a pressurized jet of abrasive materials is sprayed on the tool edge.
Brushing of the edge as Zarif [35] mentioned is a widespread method also used for edge
honing. In these methods nylon or wire brushes are used. Nylon brushes are normally
impregnated with abrasive particles and are found to work effectively at rounding the edge.
Also by changing time, depth of cut and angle of engagement, different edge shapes can be
obtained. This preparation method has been used in this research for edge preparation, Fig
33. In contrast with abrasive jet methods, in the drag finishing method cutting tools rotating
in a stationary container full of abrasive particles. In this case the accuracy of the resultant

geometry features could be determined by process time, speed of rotation and direction of
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rotation. Grinding has also been used for a long time to produce a chamfer on the cutting
edge. The advantage of this method is that the whole preparation process can be done in
one setup together with tool grinding, although the application of grinding in this case is
limited to non-complex geometries. In addition the wet and dry abrasive jet method has
been found to increase the toughness of the tool by increasing the compressive residual
stress in the surface of the tool and fill in micro cracks in the surface of the tool. In this
process a jet of abrasive particles with or without liquid is pointed on the cutting edge and
performs material removal. In wet and dry abrasive jet processes, the material removal rate
(MRR) could be controlled by changing the carrier medium velocity, which could be
pressurized water in wet and pressurized air in the dry abrasive jets [19]. There are some
other parameters such as feed speed, jet spray angle, jet inclination angle, etc. which affect
the final shape of the cutting edge. For example, increasing the feed speed will reduce the
impact time which in turn reduces the MRR. Also, higher pressure means that the abrasive

particles should move faster in the nozzle and this corresponds to higher MRR.

Fig 33) Sinjet Edge honing machine
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Drag finishing is a recommended edge preparation method for symmetrical applications
such as drill bits, milling heads, etc. due to the full contact with the small grains and their
ability to move around an edge and produce a complex geometry. However, due to full
immersion of the cutting edge, it can be a very time consuming process to reach a desirable
geometry. In Fig 34, the performance of cutting insert as a result of different edge

preparation methods can be seen.
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Fig 34) Tool Performance vs. Prepartion method [19]

2.10 Friction in machining

Friction is an unavoidable phenomenon between two surfaces with non-zero relative
motion. The sources of friction could be an interlocking of surface asperities or micro
welding of surface asperities to one another. Due to surface imperfections perfect surface
contact area (Aa) between two surfaces rarely occurs, in reality this area is less than 0.01%

of the whole surface (Ar) and this is because asperity peaks are the only regions which make
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contact. As the normal load is applied, these peaks will be flattened, which results in a
greater real contact area (Ar). Shaw [8] provided the graph of shear strength vs. normal
stress, Fig 35. As can be seen, this curve consists of three regimes. Regime | illustrates a
linear relationship between ¢ and t. Since the normal load is light such that Aa<<Ar then
Amonton’s law can be applied and within a range increasing the amount of normal load the
coefficient of friction will linearly increase. While in Regime 11, a logarithmic behavior of
COF can be observed. This is because the plastic deformation of the asperities start to
overweigh the sliding friction, also the real area (Ar) starts to approach to (Aa). In the last
regime, these variations will be stabilized, as the sliding speed reaches to its minimum
values such that the two blocks are effectively starting to weld to each other; friction
welding is an extreme example of this phenomenon and is used to join two surfaces in
special applications. In this case, COF will be independent of the normal load, which is the

so called sticking zone and the apparent area and the real area are almost the same.

Amonton’s Law

o A

- - - -

Dry Friction Sliding Zone sticking Zone

Fig 35) Regions of Solid friction
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Classical friction law could be applied for most of the physical phenomenon as long as they
occur in one speed direction. For a perfectly sharp tool classical friction laws are valid.
However, the reason that classical friction laws are hard to apply in real machining
experiments is that, practically there is no perfectly sharp tool. Consequently the chip flows
in two different directions around the cutting edge making it difficult to measure the friction

force using a dynamometer.

F=p.N

Fig 36) Classical friction law applies for one-direction speed

2.11 Coating

During machining a cutting tool is exposed to both high mechanical and thermal loads
which can lead to rapid tool wear even in early stages. An appropriate coating which
provides anti-friction, thermal barrier and wear resistant layers can provide for higher tool
longevity and better final product surface integrity. Considering a coated tool whose
substrate sustains much lower stress compared to an uncoated sharp tool which sustains a
high amount of equivalent stress and is already larger than its yield stress. This leads to the

formation of micro cracks and chipping on the tool edge [36]. As [37] mentioned, coatings
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can be designed to reduce the transmission of heat to the tool, based on two mechanism 1-
It reduces the tool chip contact length () so as the area of heat transfer is reduced and thus
heat transfer in second shear deformation zone will be reduced. Also 2- the coating layer
can operate as a thermal barrier, which again reduces the heat flux. Rech [37] demonstrated
this idea by comparing the performance of three different coating layers with an uncoated
tool. EDS curves exhibit that thick layers of iron on the uncoated tool rake face were much
greater than coated ones which attributed to larger contact area and higher friction in the
uncoated tools. This can be justified by the theory of metal cutting as well. The larger
contact area, corresponds to the bigger B (friction angle) which results in larger COF. In
soft coating as Eq (42) shows the coefficient of friction is dependent on the shear stress and
yield stress, as both these parameters in one material normally work in the same direction.
So by applying a soft coating layer a low shear strength region and high yield strength is

provided by the workpiece material.

p=— (42)

There are two commonly used methods for applying coatings on cutting tools which will

be explained here:
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Fig 37) Comparison between uncoated and TiN coated insert [37]

2.11.1 CVD Coating

Chemical vapor deposition (CVD) as its name suggests, is a chemical reaction between
two reactants which both are in the gas (vapor) phase. Basically, material is being coated
in a vacuum chamber where gaseous reactants enter to this chamber and after reaction
together and with workpiece surface atoms are depositing on the workpiece surface. This
reaction occurs at high temperature, and then excess gaseous atoms and initiators which
speed up the process will be vacuumed out, and this cycle continues until the desired
thickness of coating is achieved. The working temperature of CVD (800-1200°C) is higher
than Physical Vapour deposition (PVD)(300-400°C) which is discussed in the next section
as is the thickness layer (10-200 pm versus 2-5 um for traditional PVVD) as mentioned by
Davim [38]. These high temperatures can impose metallurgical limits for the materials such
as cemented carbide which cannot withstand these high temperatures [39]. However, this

type of coating method is able to deposit multi-layer coatings on the tool. For example, a
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multi-layered TiC+ TiCN+AIl2Os3, covered by a CVD which can protect the brittle Al2O3

from damage specially in the first stage of tool wear [39].

2.11.2 PVD Coating

In physical vapor deposition (PVD) again a relatively high temperature, and high
vacuum chamber is needed, however, in this process a piece of metal referred to as the
target which includes elements which are to be coated on the surface (such as Titanium) is
evaporated by a plasma arc and then after reacting with hot reactive gases (such as
Nitrogen) is deposited as a layer on the surface of a tool (TiN). This kind of coating is very
smooth and thin, normally less than 5 pm. Also the working temperature is much lower
than CVD, and varies from (150 - 500°C). The advantage of PVD is the wide range of
coating materials and substrates that can be used. Metals, alloys and ceramics can be
deposited on a wide range of metals, ceramics and even paper and plastic. Moreover,
because of the nature of the process, this method provides a very adherent coating layer
and the microstructure of the coating can be tuned by manipulating the coating parameters.
TiN and TiAIN are prevalent coating materials applied to cutting inserts and milling tools.
Although CVD coating provides thicker coatings they are limited in terms of the materials
that can be deposited. Also as CVD coatings have a high level of tensile residual stresses,
they are not recommended for use in intermittent cutting operations such as milling [39].
Today, there are some hybrid methods which combine the advantages of both CVD and

PVD coating methods together.
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2.12 Stress flow

The value of stress at each specific strain which material can sustain and plastically
flow prior to any failure, rupture or fracture, can be referred to as flow stress. This also
corresponds to material behavior under plastic deformation circumstances. It has been very
controversial to find a unique governing equation which is able to cover all of the affecting
parameters on the flow stress model in machining due to the high order of strain and strain
rates. So it is very difficult to find a governing equation which consider all governing
mechanism of machining which means that during the cutting operation some of the
mechanisms dominate. As described in earlier sections, machining is an aggressive and
harsh physical and chemical process due to large deformation, high level of strain and strain
rates and normal stresses. Based on the literature, Johnson-Cook constitutive plastic model
has been largely used in machining due to the fact it includes aspects critical to machining
such as strain rate, strain hardening and thermal softening effects [14], [40]-[48]. Thus, this
comprehensive plastic model has been used in the models developed in this thesis and will

be discussed in the material model section.

2.13 Damage Models

In ductile failure, material sustains plastic deformation up to the point at which it loses
its load carrying capacity and fracture occurs. There are a number of ductile fracture
models which have been used to model the material removal process as mentioned by [49].
As can be seen in Fig 38, in ductile materials, normally damage initiates where necking
happens at (damage parameter, D=0) when material still keep the same modulus of

elasticity, by increasing the (D) material approximates to complete failure at D=1 where
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failure occurs. In the Johnson-Cook material model the damage parameter D can be

calculated by the following equation:

2 A%
D==5 (43)
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Fig 38) Ductile fracture stress-strain curve

If D exceeds unity, fracture in the material occurs, where A, the calculated equivalent
plastic strain in each time step and s‘}“ ‘is fracture plastic strain obtained from Eq (45). Liu

et.al [50] compared six different damage criteria including: constant fracture strain,
Johnson-Cook, Johnson-Cook coupling criterion, Wilkins, modified Cockcroft-Latham,
and Bao-Wierzbicki fracture. They mentioned the Bao-Wierzbicki (B-W) fracture model
which is a relatively new fracture model but has been applied to machining and showed the

best performance in terms of prediction while including the effect of strain rate dependency,
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temperature and damage evolution, however, the disadvantage of this model is that finding
fracture parameters for this model needs numerous experiments, so they are difficult to
obtain. Johnson-Cook with coupling criterion was also relatively accurate at predicting
cutting forces, temperature, stress flow, and also surface roughness accurately. The only
deficiency of the pure J-C damage model is its inability to predict accurate chip formation
and cutting forces due to the unrealistic damage prediction for stress triaxilaity smaller
than -0.33. As discovered by Bao and Wierzbicki [51] the cut off value is the threshold
value before which no material failure occurs. However, this issue for the pure Johnson-
cook is compensated by its ease of implementation as compared to other models which is
considered to be one of the advantages of this model [52]. As can be seen in Fig 39, Bao-
Wierzbicki model includes three branches and can predict fracture strain in a wider range
of stress triaxiality [53], so B-W is a more accurate model in terms of chip morphology and
cutting force prediction. However, it requires several fracture parameters, some of which
are difficult to determine from experiments as reported by Bao and Wierzbicki [49]. As
shown in Fig 39, B-W fracture could be a result of shear, compression, or tension depending
on the value of stress triaxiality. In this research, tensile fracture is the dominant fracture

mechanism which will be discussed in detail in the modeling section.
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Fig 39) Fracture locus for AL 2024-T351 [53]

2.14 Failure Criteria Models

The basic idea in machining is that when the tool tip engages with the work material, it
tries to tear off the work material physically with minimum consumed energy and then the
separated material flows along the tool rake face to form a chip which then curls and
detaches. In this regard, researchers have defined different failure criteria to model

machining process. Some of these models will be discussed here.

2.14.1 Element Failure Criteria

This phenomenon is simulated in the Lagrangian model by dividing the workpiece into
three layers. The top one is called the chip layer, the sacrificial layer is in the middle and
the bottom layer which is in contact with the tool is called the machined surface and at the
bottom is fixed spatially. Establishing a meaningful failure criteria have been studied by

many researchers and they have come up with some new ideas. Usui and Shirakashi [2]
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pioneered a failure method based on the distance between the tool tip and the closest point
along the machined surface, so when this distance becomes small enough separation occurs.
As Shaw [8] reported most of these criteria operate in accordance with their limit values.
For example, Carroll and Strenkowski [54] proposed the same criteria as Usui and
Shirakashi [2] but used strain as the determinative factor. Lin [55], studied strain energy as
a criteria for chip separation, Iwata et al. [3] picked a ductile fracture criteria, and Cereti
[56] and Zhang et al.[57] used a critical damage value and fracture mechanics respectively.
Although, in the primary shear deformation zone (PSDZ) the dominant mechanism of
deformation is a combination of shear and compression, the real mechanism for failure
ahead of the tool is tension. Thus, element failure occurs through the sacrificial layer and
failure parameters that have been defined for this layer. When the tool forms the chip, the
elements ahead of the tool start to stretch and when their displacements hit the maximum
value defined in the software, those elements are automatically removed, as shown in Fig
40. So that is why in this study, tensile fracture has been considered as a failure mechanism.
Also Johnson-Cook parameters which were used in this study have been exported from a
tensile test done by [58]. The main disadvantage of this method is element deletion, which
is a non-physical process and leads to mass density reduction, and consequently it can affect
the cutting force results, this is mentioned by Zetterberg [59]. So in order to minimize this
adverse effect, the sacrificial layer thickness should be as small as possible and a very fine
mesh density is advised to avoid large mass reduction which directly can affect the

calculation of the matrices.
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Fig 40) A schematic of Lagrangian model with tensile damage failure

2.14.2 Meshless Methods

As its name suggests in these kind of models problems are not segmented to elements
but to a huge number of particles which is accomplished by a process called The Particle
Finite Element Method (PFEM). In other words, this method modifies the problem to a
mass of particles instead of elements, and each particle has its own cinematic and dynamic
characteristics and material properties based on its mass, internal and external forces. Thus
the resultant force applied to each particle is the result of interaction between that particle
and its neighbors [60]. The aggregation of these calculation for all particles is the final

solution.

3. Modeling

Although there are extensive number of complex cutting operations which in the first

sight are challenging to model, at small scales orthogonal cutting theory can be applied to
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most of them. Thus, in this study, a 2D coupled thermo-mechanical model was developed
by using ABAQUS CAE/ 6.14-2 to capture cutting forces, temperature profile and stresses,
which are vital factors that affect tool life. To develop this model a Coupled Temperature-

Displacement Dynamic/Explicit solver method has been used.

3.1 Modeling Formulations

Basically, in the finite element method, a complex problem can be split into a large
number of elements and nodes, so instead of solving the whole complex part at once, these
finite nodes are analyzed by parallel equations mechanically and thermally and then they
are aggregated to find the final solution. The more elements cover the whole body, the more
accurate the result is going to be. However, as we know, there is a trade-off between
calculation time and accuracy. Metal cutting simulation has been one the most challenging
modeling problems due to the large deformation, high level of strain and strain rates. There
are three main formulations which are commonly used for modeling of material removal:

Lagrangian, Eulerian and Arbitrary Lagrangian Eulerian (ALE).

3.1.1 Lagrangian

Lagrangian is a classic and fairly accurate FE formulation which is able to predict the
material behavior from the very beginning of cutting so knowledge of geometrical features
such as tool chip contact length, chip shape, etc. beforehand are not required for simulation
like other types of formulations. In this manner, elements are attached to the material, so

material deformation corresponds to element deformation and as mentioned large
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deformation and large strain and strain rate are inevitable in metal cutting, mesh distortion

IS a common issue in this type of formulation.

3.1.2 Eulerian

In the Eulerian formulation, elements are fixed spatially, and as the material flows
through this control volume, mesh distortion can be avoided. Also, a smaller number of
elements is required, thereby the calculation time will be reduced. However, in this method,
initial chip shape, tool chip contact and shear angle must be known prior to any simulation,
also the chip is not formed based on an element separation mechanism which makes this

method not effective for modeling metal cutting [61].

3.1.3 Arbitrary Lagrangian Eulerian (ALE)

ALE is a hybrid method which combines the advantages of both Lagrangian and
Eulerian, in which elements are neither attached to the material (Lagrangian), nor fixed
spatially (Eulerian) [61]. In this method, typically the tool is fixed and the workpiece is
movable and the idea is splitting the workpiece into an Eulerian part which is adjacent to
the tool tip where the largest deformation happens to avoid mesh distortion and no need for
re-meshing, while the rest of the regions including the free boundaries will be analyzed by
Lagrangian elements. This allows the chip to flow and curl freely, so that the tool chip

contact can be extracted from the model [62].
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3.2 Methodology

An updated Lagrangian formulation was chosen for this study because of its simplicity
and accuracy compare to others as mentioned before. Also the Lagrangian formulation is
the only model which applies a fracture criterion to predict the element failure which
reinforces its predictability and leads to the generation of reasonable data. While the others
benefit from non-physical damage criteria like the Eulerian method [52]. Re-meshing and
pre-distorted method are prevalent solutions to come up with large element distortion. In
the first method one algorithm tries to find distorted elements and reshape them in order to
proceed the modeling. In the second one, which is the method used in this research,
elements in the workpiece top layer (chip layer) are tilted by an angle which is not creating
any acute angle less than 10 degree and obtuse angle larger than 150 degree in any elements,
as advised by the ABAQUS 6-14 user manual [63]. The reason for that is, in metal cutting
especially for the tools with zero or high negative rake angle, the cutting tool imposes a
large amount of compressive stresses on the workpiece elements and can cause severe mesh
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distortion. So the un-deformed elements start to be crushed and stretched severely, so the
elements will be completely devastated and it can abort the simulation even in early stages.
However, if the elements are pre-distorted a little bit, the shape of that element after
deformation will be like an un-deformed one so the final level of distortion will be
minimized. Moreover this techniques saves time as remeshing is a very time consuming

method, even for simple problems.

3.3 Element Definition

The element type that should be used for this type of modeling should first be 2D plane
strain and should capture both the mechanical and thermal loads and properties and because
of that, 4-node plane strain thermally coupled quadrilateral, bilinear displacement and
temperature, reduced integration, hourglass control (referred to as CPE4RT) is being used
to assign both tool and workpiece geometries. As mentioned above, there are two strategies
that we can apply to avoid uncontrolled mesh distortion which is a challenge particularly
in negative rake angle tools. A pre-distorted CPE4RT element was chosen according to a
combined temperature-displacement solver method. In the re-meshing method an algorithm
recognizes the distorted elements by node relocation, which leads to the loss of some of the
data points instantly which is why in this study the other method has been used, also it is
very time consuming. In order to have a more effective use of elements, Quad structured
elements have been used for the chip layer and the sacrificial layer. However, for lower
parts of the workpiece the free mesh was used and also the density of the elements has been
reduced as having a high accuracy on that part is not required. The number of elements on
the cutting insert was large, with more concentration towards to tool tip from both the rake
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and flank face. Cutting tool was 5 mm in height and 3mm in width. Fig 42, illustrates the

number of elements which have been used in the simulations.

Elements#.600 50°
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Fig 42)Number of used elements for tool and workpiece

3.4 Material Model

The workpiece material modelled was AISI 1045 with a chemical composition by
weight of 0.42% C, 0.17% Si, 0.5% Mn, 0.3% Ni, 0.25% Cu and balance Fe. The material
was annealed at 650°C for two hours followed by controlled cooling to room temperature,
which resulted in a yield tensile strength of 586 MPa. The Johnson-Cook plasticity material
model, together with the Johnson-Cook tensile fracture models was used, as detailed in Eq
(44) and Eq (45). Wang [58] performed low strain rate uniaxial tensile tests at different
temperatures to determine the constants for strain hardening and thermal components as

shown in Table 1.The strain rate constant was assumed to be similar to those discovered by
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Jaspers [64]. Table 2, details the constant for the Johnson-Cook tensile fracture model.
These constants were acquired experimentally by performing a tensile fracture test to
investigate the effect of stress concentration and temperature on fracture strain [58]. The

effect of the strain rate constant for the fracture model was assumed to be 0.002 [65].
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Table 1) Johnson-Cook plastic parameters

Strain hardening components

Strain-rate components

Thermal components

A [MPa]

B [MPa]

n()

C (-) [64]

gr.e f (S_l)
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Omelt
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615.8
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1
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Table 2) Johnson-Cook damage parameters
Stress triaxiality components Strain-rate component | Thermal component
Di(-) | D;() | D3() D, (-)[69] Ds (-)
0.04 1.03 -1.39 0.002 0.46

Where oy, the plastic flow stress and ¢ is the plastic strain. The ratio of i is called

€ref
equivalent plastic strain rate, which is dimensionless, with € being the plastic strain rate

e_eamb

and e.qr is the reference plastic strain rate (€,..=1). ( 5 ) represents a dimensionless

melt—0amb
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temperature, where 0,,,;, and 6,,.;; are ambient and melting temperature respectively. As
can be seen, there are three brackets in Eq (44). The first one includes the strain hardening
effect, while the second and third ones cover the strain rate and thermal softening effect,

respectively. Eq (45) shows the damage criteria which were used in the model. As can be

Ohydrostatic

seen, &f IS the equivalent fracture strain and is the dimensionless pressure-stress

Ovyon Mises

ratio called stress triaxiality, wWhere opygrostaiic 1S the mean value of three normal stress

components and o, mises 1S the equivalent von Mises stress. Di to Ds are the damage
constants which are material dependent and can be exported by fracture test [66].
Mechanical material properties of AIS1 1045 in Table 3 and temperature dependent thermal
features of the AISI 1045 and carbide tool have been tabulated in Table 4. The uncoated
carbide tool material was modelled as elastic with a 560 GPa modulus of elasticity, 0.22
Poisson’s ratio, 220 J/kg K specific heat capacity and 14,500 kg/m? density. The thermal
conductivity was a function of temperature, which ranged between 34 to 47 W/mK within

23°C to 1000°C.

Table 3) Mechanical properties of AISI 1045 and carbide insert

AlISI 1045 Uncoated carbide insert

Density (kg/m3) | 7870 | 14500
Young Module (Pa) ’ 2E+11 ‘ 5.6E+11
Poisson’s Ratio ‘ 0.3 ‘ 0.22
Inelastic Heat Fraction ‘ 0.9 ‘ -
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Table 4) Thermal properties of AISI 1045 and Carbide insert

Workpiece(AlSI-1045) Tool(Carbide)
Specific Heat Temperature(°C) Conductivity2 Expansion Co2
52
1.01E-05 20 34 5.40E-06
470 25
51 100
1.20E-05 535 200 5.30E-06
250 38
46 300
1.30E-05 635 400 5.40E-06
38 500 42
1.53E-05 800 600 5.60E-06
30 700
750 45
800
900
27 1000 47
1250 49

In the Lagrangian method, typically both plastic damage criteria only are assigned to the
sacrificial layer where the material failure occurs, while for the rest of the workpiece
including the chip layer and the bottom side of the workpiece just plastic deformation will

be assigned. The same procedure is followed in this study.

3.5 Boundary conditions

In this research nine explicit simulations have been performed in order to study the
effect of edge radius on tool life, chip formation, cutting forces and temperature. These
simulations include three different cutting feed rates (f=0.05, f=.01 and f=0.2 mm/rev) with
three different edge geometries (10, 20 and 40 um). The cutting speed was unchanged

during all of the simulations at V=350m/min. Modeling was done using the Updated
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Lagrangian method which was discussed earlier in this thesis. The challenge of finding the
optimum sacrificial layer as discussed in the failure criteria section. From this section, it is
clear that one size of sacrificial layer could not work for all situations, particularly as the
different corner radius should have been investigated. In machining simulations, the
sacrificial layer should be large enough to make sure that the chip layer element failure
happens within the sacrificial layer, otherwise the chip layer, after being exposed to high
compressive stresses from large edge radius, can start to fail which is an issue as the damage
criteria is not defined for it so the simulation will be aborted by the software. Conversely
the sacrificial layer should be small enough to avoid a large reduction in the mass element
matrices. By looking at the different edge radius geometries and also considering the points
that have been mentioned above, the minimum sacrificial layer was obtained as outlined in

Fig 43:

Sacrificial Layer
ISL)

ER= 10 micron SL=10 micron
ER=20 micron SL=18 micron

ER=40 micron SL=30 micron

Fig 43) sacrificial layer thickness for each edge radius
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The carbide tool was constrained in the x and y direction initially, but then it was freed to
move in the x direction at 350 m/min through an AISI 1045 workpiece that is 15 mm in
length and 1.5 mm in height. The workpiece was fixed on the bottom side in all directions
during cutting. Each simulation dedicated time step was 0.005 sec. in total within 25
increments. The interaction between tool and workpiece was associated with a constant
value of friction (0.22), as was used by Wang [58]. Also as discussed before 0.56 of heat is
transferred to both chip and workpiece. The width of the cutting tool and workpiece

according to the experiments are 12 mm and 3 mm respectively.

4. Experimental Work

As discussed in the simulation chapter, orthogonal cutting makes it easier to simulate
the cutting processes, capturing chip formation-related phenomena, temperature profile and
cutting forces to name but a few. Also it was mentioned that in reality cutting inserts are
exposed to three force components. Thus, in order to replicate orthogonal cutting in
experiments, two options exist: 1- Fin cutting (plunging operation) 2-Thin tube turning

(turning operation) [44] Fig 44.
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a) b)

Fig 44) a) Thin tube turning, b) Fin cutting

In this research, the plunging process was chosen for two specific reasons: firstly, for thin
tube turning experiments, the outer diameter used should be at least 10 times larger than
the wall thickness, which causes rigidity issues for the workpiece and introduces a potential
for an intense level of chatter and vibration. These vibrations can have an adverse effect on
tool life and also force measurements. 2- Secondly, although the cutting length calculation
is more difficult in fin cutting as compared to tube turning, fin cutting can be controlled by
constant time and number of fins. For the experiments round billets, of AISI 1045 were
cleared off by a coated carbide insert to generate a smooth surface. Fig 45 provides an
image of the machining setup. Cleaning the surface between cuts was done by a grooving
tool with the width of 5 mm as shown in Fig 46. As the cutting insert is very large, the
dimensions were defined to ensure that there was enough space during the plunging test on

both sides of the fins. Thus, each groove is the result of two overlapped grooving
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operations. The whole cutting process was done on a Boehringer VDF180 CM turning

centre.

Fig 45) Surface cleaning

Fig 46) Sandvik Coromant grooving tool

The cutting insert which was selected for these experiments was a carbide insert
TPGN160302 from Kennametal. In total, nine inserts were used in the experiments
including a group of three inserts without any modifications in their geometry with 10 um
edge radius. The other two groups were sent for edge radius preparation. Three of them

prepared nominally to 20 um and the rest set to 40 um. A used insert is shown in Fig 47.
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Each group of experiments was done separately, in order to avoid any inclusion of the other

parameters and have consistent experiments for all cutting conditions.

Fig 47) TPGN160302 Kennametal carbide turning insert

The following table shows the experiments that have been done in this study.

Table 5) Experimental work conditions

Feed
F=0.05 (mm/rev) | F=0.1 (mm/rev) F=0.2 (mm/rev)
Edge Radius
10 pm v v v
20 pm v v v
40um v v v
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2 mm

"
3mm 16mm

@ &5 mm {85

Fig 48) Schematic of plunging test

The cutting and feed forces were measured by a Kistler dynamometer which had three
different output channels for force measurements in X, Y and Z directions. These forces
were collected through a National Instrument data collection system and transferred to a
LabView program installed on a desktop PC. As can be seen in Fig 48, the duration of each
experiment is short, as the maximum depth of cut is around 20 mm in diameter in which 2
mm of workpiece diameter was used in order to make sure that the cutting inserts are not
touching the root of the fins as this would cause a big jump in the cutting forces and is not
consistent with the orthogonal cutting conditions. Then the total 18 mm is divided into three
sections, so each time the maximum depth of cut is 6 mm in diameter. This was set to make

sure that no major changes in wear occurred during the cutting process.
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Fig 49) Kennametal CTCN-443-Plunging tool holder
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Fig 50) Lab View user interface for force collection

In Fig 50, it is clear that the average of the third component of cutting forces (red colour)

is close to zero, which meet the requirements of orthogonal cutting.
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4.1 Edge radius measurement by ALICONA

Corner radius of all tool edges were measured using an Alicona Infinite Focus system.
Typical edge radius values are shown in Fig 52, Fig 53 and Fig 54. Alicona uses focus
variation technology to capture tool edge topography by scanning it and analyzing it using
its built in software. This setup is well suited to measuring edge radius and volumetric

changes between new and worn tools.

) |

Fig 51) Alicona Infinite Focus G5 Measurement System
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5. Results and Discussion

5.1 Tool wear
The evolution of tool flank wear was studied on tools prepared with three different edge
geometries under three different cutting conditions with tool wear evolution monitored

intermittently using a KEYENCE VHX-6000 series video microscope as shown in Fig 55.

Fig 55) KEYENCE VHX-6000 video microscope

Fig 56, Fig 57 and Fig 58 provide the tool wear curves for the tools with 10, 20 and 50
pum respectively. The tool life of the tools with the 10 um and 20 um edge radius performed
similarly, with the 10 um tool performing slightly better. The tool prepared with the 40 um
edge radius provided the worst tool life by far. The performance of the tools under different

cutting conditions will be analyzed further in the following pages.
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Tool Wear(mm)

Feed= 0.05(mm/rev)

Tool Wear(mm)

0.3
0.25
0.2
0.15 —@— 10 um
01 —8—20 um
—0—40 pm
0.05
0
0 15 30 45 60 75 90 105 120 135 150
Cutting Length(m)
Fig 56) tool wear curve for feed= 0.05 (mm/rev)
F=0.1 (mm/rev)
0.3
0.25
0.2
0.15 —o—10um
0.1 =@ 20 um
—0—40 pm
0.05
0

0 15 30 45 60 75 90 105 120 135 150
Cutting Length(m)

Fig 57) tool wear curve for feed=100 (mm/rev)



Feed=0.2(mm/rev)

0.3
0.25
€
0.2
£
H
0.15
% 10 pm
©° 20 um
|9 0.1
40 pm
0.05

0
0 15 30 45 60 75 90 105 120 135 150

Cutting Length(m)

Fig 58) tool wear curve for feed=200(mm/rev)

As the presented model is more applicable in the first step of tool wear where mechanical
damage is the dominant tool wear mechanism, data points up to a maximum of 80 pm of
flank wear were studied. Fig 59 shows that tool life decreases as edge radius increases and

generally as feed rate increases with the exception of the 0.1 mm/rev feed for the 10 um

edge radius tool which provided the longest life.
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Fig 59) Cutting Length up to 80 um tool wear

This is supported by Gorczyca (1987) formula for tool life:

48.6 * 10°

T = V4164048 (46)

Where v, fand dw are cutting velocity, feed and depth of cut respectively, which means
by increasing cutting feed, tool life should be decreased. However, as mentioned the one
exception for the 10 um edge radius cutting insert at the lowest feed. Astakhov [67]
mentioned that there are some situations in which the effect of higher cutting feed can have
positive effects on tool life. For example, by increasing cutting feed the level of vibration
decreases appreciably due to the increase in rigidity of the machine tool and this in turn
increases the tool life. Fig 60, Fig 61 and Fig 62 depict the effect of cutting feed on the
force signature with feed rates of 0.05 mm/rev, 0.1 mm/rev and 0.2 mm/rev respectively.

As can be observed from Fig 60, the force signatures have a high magnitude of fluctuation
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as compared to other feed rates while the difference of this magnitude between 0.1 mm/rev
and 0.2 mm/rev is negligible, so as the minimum edge radius does have the lowest contact
area with the workpiece, it is not rigid enough and caused vibration at the minimum cutting

feed and this in turn caused rapid tool wear compared to the rest of the test conditions.

65 7 75 8 85 9 95 10 P11 110512 12.5 13 13.5 14 14, &
‘ lﬁmlﬂdl
e G o o S R B
ER=10 um ER=20 um ER=40 um

Fig 60) force spikes for feed = 0.05 (mm/rev)
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Fig 62) force spike for feed=0.2(mm/rev)
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This also can be obtained from principal stress (Si1) contours on the tool face. By
increasing the cutting feed, for all sets of edge radius the stress level increases on the flank
face. This could be one reason for a shorter tool life (higher flank wear) at the higher cutting

feed as outlined in Table 6.

Table 6) Stress distribution on the cutting inserts

Edge F=0.05 F=0.1 F=0.2
Radius (mm/rev) (mm/rev) (mm/rev)

10 pm

§, st
[Avg: 73%)

+8.203e+07
-2.5640+07
-1.3332+08

-2.4102+08
& -3.486e+08
B -4.5632+08

= -5.540e+08
= -6.717e+08
— -1.793:+08
o "8.870e+08

-9.947e+08

-1.1022+09

-1.210e+08

20 pm

40 um
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5.2 Cutting forces

The two primary forces commonly considered in the metal cutting process are:
tangential forces (cutting forces) normally resist the cutting motion and are responsible for
removing material in the form of chips from the workpiece and thrust forces (feed forces)
which contribute to the cutting process and assist curling of the chip along the rake face of
the tool. Depending on cutting conditions and also the rake angle, the ratio between cutting
and feed forces varies. In our application cutting forces consume a large percentage of
cutting power compared to feed forces. For example, having negative rake angle leads to
larger cutting forces but also to larger feed forces as well, which leads to a smaller ratio of
cutting forces and feed forces. By increasing the cutting feed rate both the cutting and feed
forces increase. This is attributed to a larger chip thickness as a result of smaller shear
angle. When the size of the uncut chip thickness (feed) is very low, the chance of
experiencing a size effect issue is high. Size effect refers to the relative size of the uncut
chip thickness to the edge radius of the tool where small amounts of material, which do not
cut but rather squeeze around the tool and generate a plowing effect. This can happen in
cases with small feed rates. This could get worse as the sharpness of the tool decreases
(larger edge radius) as the ratio between tool edge radius to uncut chip thickness (cutting
feed rate in this study) approaches unity. So data oscillation was more intense when the
feed was 0.05 (mm/rev) and tool edge radius was 40 pm, as the uncut chip thickness and
edge radius are pretty close and the chance of plowing is very high. This issue was also
observed by [68], and the solution offered was to change the cutting conditions or tool

geometry, specifically the edge radius and rake angle.
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5.3 Force data analysis

In order to smooth the cutting force data from the FE model, the data was filtered and then
curve fitted using the Least Squares Method. This filtration excluded unsteady values and
those data points which were outside the 70 percent of the average from the rest of the data
points. Various types of functions have been used for curve fitting, with a polynomial of
the third degree representing the minimum sum of squares in this case. Thus, to be

consistent, this function has been applied to all cutting force data.

y=ax3+bx>+cx+d (47)
The target was to modify the coefficients (a, b, ¢ and d) to minimize the resulting sum
which can be done by an algorithm in Microsoft Excel called “Solver Parameter”. Fig 63,
Fig 64 and Fig 65 represent cutting and feed forces for each cutting tool with different
cutting feed rates applied and Table 7 shows the error of prediction in each of these
conditions. It is evident that by increasing the cutting feed, both cutting and feed forces
increase significantly and this agrees with the experiments as larger cutting feed means that

larger plastic work needs to be done.
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Fig 63) cutting force comparison for 10 um corner radius
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Fig 64) cutting force comparison for 20 um corner radius
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Fig 65) cutting force comparison for 40 um corner radius

Table 7) Difference in prediction of cutting forces

ER=10 um ER=20 um ER=40 um
F=0.05 (mm/rev) 14.34% | 62.5% 8.6% 59.6% | 10.18% | 39.79%
F=0.1 (mm/rev) 2.01% 48% -12.18% | 51.8% -1.47% | 34.47%
F=0.2 (mm/rev) -24.4% | 32.27% | -11.55% | 37.4% | -25.92% | 29.13%
Cutting Feed Cutting Feed Cutting Feed
forces forces forces forces forces forces

From Table 7, it is evident that in all three cases, by increasing the cutting feed, the

predicted feed forces align better with experimental data. This was likely due to the fact

that when the material was sheared, the outer layers get strain hardened. Therefore, the

hardness on the low cutting feed rate is larger than the material bulk hardness while by

increasing the cutting feed, this parameter approaches the material bulk hardness. This

effect is not considered in the model, so there is a larger difference at the low cutting feed

rate. This trend was also observed by Hosseinkhani and Ng [48].




5.4 Temperature

For all cutting conditions, it was observed that the maximum temperature on the cutting
tool occurs where the chip is about to totally be removed from the workpiece. Fig 66, Fig
67 and Fig 68 show the comparison between the highest temperatures for (f=0.05, f=0.1
and f=0.2) respectively at various edge radius values. Interestingly, these graphs were able
to predict the same trend of Fig 59, which means that at the lowest cutting feed rate, the
smallest edge radius had the highest temperature which leads to a lower tool life as
compared to 0.1mm/rev. Also, by increasing the cutting feed rate an increase in temperature
was observable. It also can be seen, except for the smallest cutting feed rate, that the tool
with the largest edge radius had a higher maximum temperature. There is a plateau at the
peak of each graph and also there is a tangible difference between the different cutting feed
rates. Also when increasing the cutting feed rate, this line gets larger. This was likely due
to the contact area and the area of highest temperature shifts more onto the rake face of the
tool. Also at the same cutting feed, increasing the cutting edge radius, leads to a higher
temperature except for minimum cutting feed rate, since the larger edge radius results in
larger plastic work which plays an important role in temperature rise. This phenomenon
did not occur at the minimum cutting feed rate due to the size effect which was discussed

earlier.
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Temperatuye Profile @ f=0.05 (mm/rev)
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Fig 66) The temperature distribution along -f=0.05 (mm/rev)
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Fig 67) The temperature distribution along f=0.1 (mm/rev)
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Temperature Profile @F=0.2 (mm/rev)
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Fig 68) the temperature distribution along f=0.2 (mm/rev)

Also, by looking at the location of the maximum temperature for each cutting
condition, it is evident that initially the location of maximum temperature starts from the
tool tip, then it moves up along the rake face as the tool chip contact increases then it
suddenly moves down and is located close to the tool tip. The explanation for this lies in
the fact that when the chip starts to form, the tool chip contact area is not stabilized yet, so
the maximum temperature is close to the tool tip, then because of crater wear on the rake
face, the maximum temperature occurs at the maximum depth of crater wear. Finally, this
location is located close to the tool tip as the tool wear starts at the cutting edge. Fig 70, Fig
71 and Fig 72 show the location of maximum temperature along the cutting edge to the
rake face with different cutting feed at cutting edge radius of 10, 20 and 40 um respectively.
The reference point is located at the lowest point of the cutting edge where the rake face

and flank face separate, Fig 69. By comparing these graphs, it can be understood that by
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increasing the cutting feed rate the location of maximum temperature gets farther away
from the tool tip, furthermore, as the cutting feed increases the return of maximum
temperature close to the tool tip will be delayed. By comparing these three cutting edge
radius, the 40 um maximum temperature was close to the cutting edge for all the cutting

conditions. This conclusion can clarify why 40 um cutting tool edge radius has the shortest

tool life.

Fig 69) Tool reference
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Fig 70) The location of maximum temperature at 10 um cutting tool
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Fig 71) The location of maximum temperature at 20 um cutting tool
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Fig 72) The location of maximum temperature at 40 um cutting tool

This also can be visible by looking at the tool profile captured by the Alicona, after crater
wear. As shown in Fig 73. By increasing the edge radius with similar feed, it was observed
the maximum depth of crater wear, which corresponds to the highest temperature on the
rake face due to a high temperatures ability to accelerate diffusion, becomes closer to the

tool tip.

ER=10pm ER=20pm ER=40um
Feed=0.2 (mm/rev) Feed=0.2 (mm/rev) Feed=0.2(mm/rev)

Fig 73) Distance from maximum depth of crater wear
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Fig 74 shows the 20 um tool profile where maximum crater wear occurs for various cutting

feed rates, increasing the cutting feed rate the area of crater wear become larger and more

spread out.
/ 4 J d Il\
.'/V t\
/ \ . y \ / \..\
\ .‘
\ \ =
N\ \

ER=20 um ER=20 ym ER=20 pm
Cutting Feed= 0.05(mm/rev) Cutting Feed= 0.1(mm/rev) Cutting Feed= 0.2(mm/rev)

Fig 74) Increasing cutting feed-larger crater wear

Although smaller edge radiuses showed smaller flank wear, larger tool crater wear can be
observed in some cases due to larger tool-chip contact area compared to other edge

radiuses. As shown in Table 8.
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Table 8) Flank wear vs. Crater wear at constant feed for different edge radius (scale bar = 300 um)

Edge
Crater wear Flank wear
Radius

10 pm

20 pm

40 um
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5.5 Equivalent Plastic Strain (PEEQ)

As Shaw [8] mentioned, as the shear angle increases the chip thickness decreases and
in turn the plastic strain in the chip decreases as well. So it is reasonable that by increasing
the cutting feed rate, the value of equivalent plastic strain increases due to a larger chip
thickness. As can be seen in Table 9, where PEEQ has been captured from a similar time
step in each model, the maximum value showed a slight increase with higher cutting feed,
while the area of higher equivalent plastic strain has increased substantially. It was also
observed that by increasing edge radius the area of highest plastic strain becomes smaller
and this is due to a smaller chip thickness at a higher edge radii and in turn this leads to
lower plastic strain as discussed above except when edge radius was 40 um and f=0.05
mm/rev. In this cutting condition, as mentioned before, the chance of plowing is larger than
the other cutting conditions. It is known that the reason for a high level of plastic strain
values compared to other operations relates to the intensity of normal stresses in the PSDZ.
When these values are very high they retard the material separation from the workpiece.
Since this is the case in this cutting condition, the effective rake angle is more negative so

there is a possibility to increase the normal stresses and increase the level of plastic strain.
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Table 9) Equivalent plastic strain contours

Edge F=0.05 F=0.1 F=0.2
Radius (mm/rev) (mm/rev) (mm/rev)
10 pm
20 um
40 um

PEEQ
{Avg: T5%)

+2.910e+00
+2,660e+00
+2.425e+00

+ +2.183e+00
7 +1.940e+00

+ +1.690e+00
+1,455e+400
+1,213e+00
+9.700e-01
+7.075¢-01
+4 £50e-01
+2.425e-01
+0.000e+00
Max: +2.503e+00
Bem: F=200-1.5850
Node: 363

6. Conclusions

In this study, the performance of three different sets of edge radius were simulated using

FEA and compared to experimental performance. This project used the Johnson-Cook

damage parameters, imported from [58] which were established using tensile tests and were

used to calibrate the damage parameters. The updated Lagrangian finite element models

developed through ABAQUS/EXPLICIT with a set sacrificial layer dedicated to each tool
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edge radius. Using this model cutting forces, feed forces and temperature and other required
parameters to evaluate the tool performance were extracted. Orthogonal cutting through a
plunging test was done under nine different feed rates but a constant cutting velocity. The
cutting forces were collected and showed intense vibration at a low cutting feed rate which
could be attributed to the light depth of cut at the lower feed rates. The predicted forces
from FEA showed good agreement with experiments while, the feed force prediction,
especially at the lower feed forces and small edge radius were high, and as mentioned this
could be due to a higher material hardness at the outer layers of the workpiece which is the
case in the low cutting feed case which is consistent with a similar trend described by
Mohamad Nasr [69]. Also the sharpest tool at the middle feed rate showed the best tool life
in this type of operation (plunging). This is due to the more favourable temperature
distribution across the larger edge radii and also the lower temperature and stress
concentration at the tool tip. Further, by increasing the cutting feed the stress distribution
moves from the flank face to the rake face as the larger contact area is formed. In this
experiment, increasing the cutting feed rate had an adverse effect on both the crater wear
and flank wear. The main reason for flank wear was the higher stress on the flank face and
the temperature rise under the higher cutting feed rate which led to more aggressive crater

wear on the rake face.

7. Recommendations for Future Work

The updated Lagrangian model has been used for material deformation in metal cutting,

through ABAQUS/CAE associated with tangential behavior contact between the tool and
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the workpiece. Constant value of friction has been based on literature and this assumption
was fair as the cutting process was short and process was not exposed to elevated
temperatures. However, as mentioned in the chapter “Friction in Machining”, in metal
cutting as the tool chip contact approximates to the sticking zone under high normal
stresses. In other words, the correlation between shear and normal stress is not linear any

more. Thus, the following suggestions are outlined as future work:

1- In future studies additional research could go into tuning the coefficient of friction
to be closer to the conditions experienced in the cutting zone. This could help to
alleviate the mismatch between experimental and numerical results.

2- Consider various sets of edge radiuses and cutting conditions for the plunging
operation and also for the turning operation.

3- It was shown that sharper tools are more prone to crater wear while they are more
resistant to flank wear. This can introduce a research opportunity to find the
optimized edge radius that shows minimum wear both on the rake face and flank
face.
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