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CHAPTER 1

INTRODUCTION

1.1 State of Art: Finite Element Simulation of the Cutting Process

Improvements in manufacturing technologies require better modeling and
simulation of metal cutting processes. Theoretical and experimental investigations of
metal cutting have been extensively carried out using various techniques. On the other
hand, complicated mechanisms usually associated in metal cutting, such as interfacial
friction, heat generated due to friction, large strains in the cutting region and high strain
rates, have somewhat limited the theoretical modeling of chip formation. So, many
researches are focusing on computer modeling and simulation of metal cutting process to
solve many complicated problems arising in the development of new technologies. One
of the state-of-art efforts in manufacturing engineering is the finite element simulation of
the metal cutting process. These simulations would greatly enhance our understanding of
the metal cutting process and in reducing the number of trial and error experiments,
which is used traditionally for tool design, process selection, machinability evaluation,
chip formation and chip breakage investigations. According to a comprehensive survey
conducted by the CIRP Working Group on Modeling of Machining Operations during
1996-1997 [1], among the 55 major research groups active in modeling, 43% were active

in empirical modeling, 32% in analytical modeling, and 18% in numerical modeling in



which finite element modeling techniques are used as the dominant tool. More attention
to the finite element method has been paid in the past decade in respect to its capability of
numerical modeling of different types of metal cutting problems. Advantage of finite
element method is the entire process can be simulated using a computer.

Compared to empirical and analytical methods, finite element methods used in the

analysis of chip formation have advantages in several respects, namely,

(1) Material properties can be handled as a function of strain, strain rate, and
temperature.

(2) Interaction between the chip and the tool can be modeled as sticking and
sliding.

(3) Non-linear geometric boundaries, such as the free surface of the chip can be
represented and used.

(4) In addition to the global variables such as, the cutting force, thrust force and
chip geometry, local variables, such as stresses, temperature distributions, etc.,
can also be obtained.

Finite element method has been used to simulate machining operations since the early
1970s [45]. With the development of faster processors and larger memory, model
limitations and computational difficulty have been overcome to a large extent. In
addition, more commercial FE codes are being developed for cutting simulations,

including ABAQUS , AdvantEdge , DEFORM 2D , LS DYNA , FORGE 2D
MARC , FLUENT and ALGOR . Significant progress has been made in this field

such as;



(1) Lagrangian approach is used to smulate the cutting process including
incipient chip formation.

(2) Segmented chip formation is modeled to simulate high-speed machining.

(3) 3D simulation is performed to analyze oblique cutting.

(4) A diversity of cutting tools and workmaterials is used in the simulation of

cutting process.

1.2 Historical Developments

The earliest finite element chip formation studies simulated the loading of tool
against a pre-formed chip avoiding the problems of modeling large flows [46]. Small
strain elastic-plastic analysis demonstrated the development of plastic yielding along the
primary shear plane as the tool was displaced against the chip. This work had a number
of limitations, making it only of historical interest. The limitations of this initial work
were removed by Shirakashi and Usui [3], who developed an iterative way of changing
the shape of the pre-formed chip until the generated plastic flow was consistent with the
assumed shape. They also included realistic chip/tool friction conditions and material
flow stress variations with strain, strain rate and temperature measured from high strain
rate Hopkinson bar tests. The procedure of loading atool against an already formed chip
greatly reduced computing capacity requirements. The justification of the method was
that it gave good agreement with experiments but it did not follow the actual path by
which a chip should be formed.

Rigid—plastic modeling however, does not require the actual loading path to be

followed. Iwata et al. [4] developed steady state rigid-plastic modeling (within a eulerian



framework) adjusting an initially assumed flow field to bring it into agreement with the
computed field. They included friction, work hardening, and a chip fracture criterion.
Experiments at low cutting speeds supported their predictions. The mid-1980s saw the
first non-steady chip formation analyses, following the development of a chip from first
contact of a cutting edge with the workpiece as in machining. Updated Lagrangian
elastic-plastic analysis was used, and different chip/ work separation criteria at the cutting
edge were developed. Strenkowski and Carol [5] used a strain-based separation criterion.
At that time, neither a realistic friction model nor coupling of elastic-plastic to thermal
analysis was included.

The 1990s have seen the development of non-steady state analysis, from transient to
discontinuous chip formation, the first three-dimensional analyses, and the introduction
of adaptive meshing techniques particularly to cope with the flow around the cutting edge
of a tool. A simple form of remeshing at the cutting edge, instead of the geometrical
crack, was introduced to accommodate the separation of chip from the work. Both rigid-
plastic and elastic-plastic adaptive remeshing softwares have been developed and are
being applied for chip formation simulations [14, 15]. Marusich and Oritz [14] developed
a two-dimensional finite element code for the simulation of orthogonal cutting that
includes sophisticated adaptive remeshing, thermal effects, a criterion for brittle fracture
and tool stiffness. They seem to be more effective than Arbitrary Lagrangian-Eulerian
(ALE) methods in which the mesh is neither fixed in space nor in the workpiece. Thus,
the 1970s to the 1990s has seen the development and testing of finite element techniques

for chip formation processes and during this period, many researchers have concentrated



more on the development of the new methods in the finite element simulations of metal

cutting [2].

1.3 Principles of Metal Cutting

Metal cutting is classified as the secondary process by which material is removed
to transform a raw material to a part with certain shape, size, dimensional tolerance and
surface finish. The theory of machining is concerned with the various features of the
cutting process including the forces, strain and strain rates, temperatures, and wear of
cutting tools. All metal cutting operations, such as turning, drilling, boring, milling,
grinding, reaming and other metal removal processes produce chips in a similar fashion.
Therefore, analysis of chip formation can give better understanding to the mechanics of
machining processes. Metal cutting involves concentrated shear along a rather distinct
shear plane. As metal approaches the shear plane, it does not deform until the shear plane
is reached. It then undergoes a substantial amount of simple shear as it crosses the thin
shear zone. There is essentially no further plastic flow as the chip proceeds up the face of

the tool. The tool is a single point tool that is characterized by the rake angle « and the
clearance angle 8 as shown in Fig. 1.1. When the rake face of the tool is in the clockwise

position from the workpiece then the rake angle is considered positive and if it is counter
clockwise then it is considered negative [6]. A small clearance angle is generally used to
keep the tool from damaging the finished surface of the workpiece. The rake face of the
tool is the surface over which the chip flows and has a contact length I, which is the
chip-tool contact interaction. The prescribed velocity V, known as the cutting speed is in

the feed direction.
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Fig. 1.1 Orthogonal metal cutting model [6]

The localized straining in the workpiece enforced by the tool causes plastic
deformation of the undeformed chip t, which proceeds to become deformed chip
thickness t.. Large forces are generated during the cutting process. The cutting force F¢
acts in the direction of cutting velocity and the thrust force F; acts normal to the cutting
velocity in the direction perpendicular to workpiece. A knowledge of the basic force
relationships and the associated geometry occurring in the cutting process of metal
cutting is a necessity if the solution of engineering problems arising in that field is to be

handled by FEM simulations.

1.4 Principles of Finite Element M odeling

Finite element analysis is an approximate numerical analysis tool to study the
behavior of a continuum or a system to an external influence, such as stress, heat and
pressure. This involves generation of a mathematical formulation of the physical process
followed by a numerical solution of the mathematics model. Basic concept of finite
element method involves division of a given domain into a set of simple sub-domains,

called, finite elements accompanied with polynomial approximations of solution over



each element in terms of nodal values and applying the calculated finite solutions to the
whole geometry to solve the problem. The advantage of finite element method is, it
provides approximate solutions to complex problems that are difficult to solve
analytically. Finite element analysis involves three stages of activity, namely, pre-
processing, processing and post-processing. Pre-processing involves the preparation of
data, such as nodal coordinates, connectivity, boundary conditions, and loading and
material information. The processing stage involves stiffness generation, stiffness
modification, and solution of equations, resulting in the evaluation of nodal variables.
Other derived quantities, such as gradients or stresses may be evaluated at this stage. The
post-processing stage deals with the presentation of results. Typically, the deformed
configuration, mode shapes, temperature and stress distribution are compared and
displayed at this stage. A complete finite element analysis is alogical interaction of these

three stages.

1.5 Metallurgical Aspectsof Titanium alloys

Titanium alloys have been extensively studied over the past few decades due to
their important technological applications. Their high strength, low density, corrosion
resistance, good formability, weldability, and good metallurgical stability prompted the
use of these alloys in a wide variety of applications ranging from aircraft engine and
structural components to biomedical implants. Among titanium alloys, Ti 6AIl-4V
accounts for the largest share of the present market and hence studied in depth. Ti 6Al-4V
is currently used in awide range of low and high temperature applications, such as blades

and other components for turbines in aircraft engine applications, steam turbine blades,



marine components, structural forgings and biomedical implants [7]. Despite the
increased usage and production of titanium alloys, they are expensive when compared to
many other metals because of the complexity of the extraction process, difficulty of
melting, and problems associated with fabrication and machining. In order to improve
processing as well as to lay ground to new titanium alloys, it is important to understand
the deformation mechanisms and microstructural evolutions associated with these
deformations. Titanium alloys are usually divided into four main groups according to
their basic metallurgical characteristics. a-alloys, near a-alloys, a-f aloys, and p-alloys
[8].

o-aloys: Thisgroup contains a stabilizers, sometimes in combination with neutral
elements, and hence have an a-phase microstructure. One such single-phase a-alloy,
Ti-5Al-2.59n, is still available commercially and is the only one of its type to survive
besides commercially pure titanium. The alloy has excellent tensile properties and creep
stability at room temperature and elevated temperatures upto 300°C. a-alloys are used
chiefly for corrosion resistance and cryogenic applications.

Near c-alloys: These aloys are highly a-stabilized and contain only limited
quantities of g-stabilizing elements. They are characterized by a microstructure consisting
of a-phase containing only small quantities of g-phase. Ti-8Al-1Mo-IV and Ti-6Al-5Zr-
0.5M0-0.25Si are examples of near a-alloys. They behave more like a-alloys and are
capable of operating at greater temperatures of between 400°C and 520 C.

o-f aloys: This group of alloys contains additions of o- and p-stabilizers and
possess microstructures consisting of mixtures of a- and f-phases. Ti 6Al-4V and Ti-4Al-

2S5n-4M0-0.5Si are its most common alloys. They can be heat-treated to high strength



levels and hence are used chiefly for high strength applications at elevated temperatures
of between 350 C and 400 C.

p-aloys: These aloys contain significant quantities of p-stabilizers and are
characterized by high hardenability, improved forgeability, and cold formability as well
as high density. Basically, these alloys offer an ambient temperature strength equivalent
to that of a-f alloys but their elevated temperature properties are inferior to those of the
a-f aloys.

Ti 6Al-4V, an aloy introduced in 1954, comes as close to being a general-
purpose grade as possible in titanium. In fact, it is considered as the workhorse of
titanium alloys and is available in all product forms. In Ti 6Al-4V, both o- and f-phases

are Al solid solutionsin Ti.

7 Lamellar o-phase

MAFZATNS
A "

Larger f-grains

alloy showing primary a-phase
and transformed f- grains [44]

P i
NN
Figl
Various impurity atoms, such as O, C, N, and H are usually present. f-phase may
be stabilized at room temperature by adding f-stabilizing elements such asV, Fe and Mn.

At room temperature, stabilized p-phase contains more V than nominal 4%. Above



527°C, a transforms to -phase, while above 980" C the whole microstructure is composed
of equiaxed p grains. The flow stress of this alloy is strongly dependent on temperature
and deformation rate [10]. At temperatures above 527°C, the flow stress decreases
sharply with temperature while the strain rate sensitivity increases. The flow mechanisms
and kinetics are different in these two phases. This renders to a large number of
deformation mechanisms responsible for the macroscopic behavior of the alloy. Their

identification is important for understanding the mechanical response of this alloy.

1.6 Machinability aspects of Ti 6Al-4V

Machinability is defined as the ease or the difficulty with which a material can be
machined under a given set of cutting conditions including cutting speed, feed, and depth
of cut. It is mainly assessed during the cutting operation by measuring component forces,
chip morphology, surface finish generated and tool life. The machinability of Ti 6Al-4V
and other titanium alloys has not kept pace with advances in manufacturing processes due
to their several inherent properties|[7, 8]:

1) Its high chemical reactivity with almost all tool materials results in rapid wear
of the tool at high cutting speeds. Also the tendency to weld to the cutting tool
during machining increases leading to chipping and premature failure.

2) Its low thermal conductivity increases the temperature at the tool/workpiece
interface, which affects the tool-life adversely.

3) Its high melting temperature and high temperature strength further impairs its

machinability.

10



4) Besides high cutting temperatures, high mechanical pressure and high

dynamic loads in machining of titanium alloys result in rapid tool wear.

5) Its low modulus of elasticity can cause slender workpieces to deflect more
than comparable pieces of steel. This can create problems of chatter, tool
contact and holding tolerances.

Despite the increased usage and production of this alloy, it is expensive when
compared to many other metals and alloys because of the complexity of the extraction
process, difficulty of melting and problems during machining and fabrication. Serious
vibrations are often encountered during machining that impose limit on the material
removal rate, and consequently, productivity. Also this alloy is spectacular to machine
because of sparks generated at high speeds. Most tool materials used for machining this
alloy wear rapidly even at moderate cutting speeds. Titanium alloys are generally
difficult to machine at cutting speeds over 30 m/min with HSS steel tools and over 60
m/min with cemented tungsten carbide tools. Other types of tool materials, including
ceramic, diamond and cubic boron nitride are highly reactive with titanium alloys and
conseguently not used in the machining of these alloys.
These problems can be minimized by employing very rigid machines, using proper
cutting tools and set-ups, using low cutting speeds, maintaining high feed rates,
minimizing cutting pressures, providing copious coolant flow and designing special tools
or non-conventional cutting methods.
1.7 M echanism of Shear-L ocalized Chip Formation in Ti 6Al-4V

Titanium and other aerospace structural alloys are extremely difficult to machine

at high cutting speeds due to limitations associated with its several inherent properties. It
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has been observed that in metal cutting the thermo-mechanical behavior at the
workpiece/tool interface significantly influences the chip morphology, which in turn
affects the tool life. In order to increase tool life and productivity in machining these
aloys it is necessary to study the mechanism of chip formation and its effect on
machinability and tool life. Depending on the type of workmaterial, its metallurgical
conditions and the cutting conditions used, three types of chip formation are commonly
encountered in metal cutting process. They are the continuous chip, shear-localized chip
and discontinuous chip. Traditionally most of the investigations on metal cutting have
focused on the continuous chip formation because continuous chip is an ideal chip for
analysis as it is relatively stable and many conditions can be simplified. However, long
continuous chips are not preferred in machining because, in practice they interfere with
the process and may cause unpredictable damage on machined surface and tool. Shear-
localized chips are found in the case of most difficult-to-machine materials with poor
thermal properties. This type of chip on the other hand is easier to break and considered
asarelatively ideal chip to dispose off when the machining process is automated.

In the case of machining Titanium alloys, chip is segmented and the strain in it is
not uniformly distributed but is confined mainly to narrow bands between the segments.
Whereas in continuous chip formation, the deformation is largely uniform. The sequence
of events leading to segmented chip formation when machining Ti 6Al-4V was described
by Komanduri and Von Turkovich [11] based on a detailed study of video sequence of
low speed machining experiments conducted inside the scanning electron microscope,
high speed movie films of the chip formation process at higher speeds and the

micrographs of midsections of the chips. The mechanism of chip formation when

12



machining Ti 6AI-4V was found to be different from the continuous chip formation [26].
There are two stages involved in this process. One stage involves plastic instability and
strain localization in a narrow band in the primary shear zone leading to catastrophic
shear failure along the shear surface. The other stage involves gradual build-up of
segment with negligible deformation by the flattening of the wedge-shaped work material
ahead of the advancing tool. Generally, adiabatic shearing caused by thermo-mechanical
instability is held responsible for this process. This nature of instability, frequently
referred to as adiabatic shear, was originally expressed by Recht [12] as one in which the
rate of thermal softening exceeds the rate of strain hardening i.e., the slope of the shear
stress-shear strain curve becomes zero. Also, aternative theories have been formulated
based on damage models and crack formation processes which is probably applicable at
low speeds. Finite element simulations of machining a Ti 6Al-4V alloy, allows study of
chip formation and the mechanism of chip segmentation in detail. Such simulations have
shown that it is indeed possible to form strongly segmented chips by the described

process without the necessity of crack formation.

1.8 Thesisoutline

A brief description of each chapter in this study is given in the following:

Chapter 1 gives a brief introduction of finite element simulation of the cutting
process, its historical developments and principles, metallurgical aspects and
machinability issues of Ti 6Al-4V alloy and mechanism of shear-localized chip formation

in Ti 6AI-4V.
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Chapter 2 presents literature review on numerical analysis of chip segmentation,
experimental work on Ti 6Al-4V alloy and finite element simulations of shear-localized
chip formation in machining a Ti 6Al-4V alloy.

Chapter 3 contains finite element formulations of metal cutting mechanics,
friction along the tool-chip interface, contact conditions, adaptive remeshing and chip
formation.

Chapter 4 gives a brief description of machinability issues of Ti 6Al-4V alloy and
outlines the rationale and motivation behind this work along with the objectives and
research approach.

Chapter 5 deals with the mechanism of shear-localized chip formation and
explains the criterion used in this study to simulate it. This chapter also illustrates the
metallurgical aspects of Ti 6Al-4V alloy that influence this type of chip formation in
machining.

Chapter 6 gives a description of material model used to represent deformation
behavior of Ti 6AI-4V aloy under high strains, strain rates, and temperatures. This
chapter also derives the equations of Recht’s catastrophic shear failure criterion and stress
update algorithm used in the user-defined subroutine code (UMAT).

Chapter7 presents the physical properties of Ti 6Al-4V alloy, parameters of
Johnson-Cook material model, simulation approach and cutting conditions used. This
chapter also provides chip formation process, temperature and plastic strain distribution
in the chip, and comparison of finite element simulations with experimental results

reported in the literature. Finally, it discusses the effect of cutting speed, feed rate, rake
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angles and coefficient of friction on cutting forces, temperatures, srains and chip
segmentation.
Chapter 8 draws conclusions on the work done in this study and presents

proposed scope for future work.
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CHAPTER 2

LITERATURE REVIEW

2.1 Numerical Study of Shear-L ocalized Chip Formation

Over the past ten years or so, numerical study of the machining processes has
been the subject of intense research in which various aspects of shear-localized chip
formation, discontinuous chip formation and algorithms for element separation have been
addressed. Various criteria for Shear-localized chip formation, such as effective strain
criterion, maximum principal stress criterion, maximum shear stress criterion,
catastrophic shear failure criterion and so on have been utilized by many researchers for
the chip formation process using FEM.

According to Xie et al. [13], most shear-localized chips are formed by flow
(shear) localization during the chip deformation. Some bands of intense shear dividing
the chip into segments occur in metal cutting process. Accordingly, this band is a very
thin layer with extremely concentrated shear strains, which may cause chip to become
easily separated and broken. They developed a mechanistic model to predict
guantitatively the critical cutting conditions for a shear-localized chip formation. This
was done by establishing a relationship between the flow localization parameter and
related governing cutting conditions, i.e. cutting speed and feed rate. Flow localization

parameter f is defined as
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where m is strain rate sensitivity parameter, n is strain hardening exponent, K; is thermal

diffusivity of work material, y is shear strain and T is temperature. The governing cutting
process parameters, cutting speed V and feed rate f are associated with possible onset of
shear localization.

The flow localization parameter, f is used to rank the tendency for strain
concentration within a material. A certain critical value of f must exceed to reach at the
onset of strain localization. The above equation is used to predict the flow localization
parameter, f, for given cutting conditions and material properties. The value of S
increases as either the cutting speed V increases or the feed rate f increases. Usually, g at
which shear banding is possible is determined experimentally and for Ti 6Al-4V the
value is 4.41. The formation of shear-localized chip involves several material,
mechanical, and thermophysical properties including density, specific heat, strain
hardening exponent, thermal diffusivity, strain rate sensitivity and conductivity.
Basically, as a cutting condition (Vf) reaches the critical value at which shear-localized
chips are formed, the plastic deformation rate becomes high and tool-workpiece friction
becomes more severe, increasing the rate of heat generation. The adiabatic or quasi-
adiabatic condition may be reached due to high accumulation of heat. In this case,
temperature can be very high locally in some places of the workpiece, resulting in further

thermal softening. This further thermal softening reduces strain-hardening capacity so the

17



instability takes place in a narrow band of the chip. Thus, # may be used as material
property to judge and predict shear localization.

Marusich et al. [14] implemented a fracture model that allows for arbitrary crack
initiation and propagation in the regime of shear-localized chips. They presented a model
of high-speed machining using a lagrangian code to simulate large unconstrained plastic
flow with continuous adaptive meshing and remeshing as principal tools for sidestepping
the difficulties associated with deformation induced element distortion. Accordingly,
when dlip induced transgranular cleavage is the dominant mechanism, fracture of mild
steel can be described in terms of a critical stress criterion. The critical stress o appears
to be relatively independent of temperature and strain rate and can be inferred from
toughness K¢ through the small scale yield relationship

of — ch (2.2)

Jozl

The critical distance | correlates with the spacing of the grain boundary carbides. Under

mixed-mode conditions, such as expected in machining, the crack might kink or follow a
curved path as it grows. To predict the crack trgectory under conditions of brittle
fracture, they adopted maximum hoop stress criterion, according to which crack
propagates along the angle 6 from the crack face at which hoop stress oy atains a

relative maximum. Combining maximum hoop stress along the angle 6 mex ago and
critical stress criterion, the criteria for mixed-mode crack growth is given by

mg;\x Ogo (|, 0): of (23)

The critical crack tip opening displacement (CTOD) criterion for mode | crack
propagation can be recast as the attainment of critical value &% of the effective plastic

strain at adistance | directly ahead of the crack tip. The criterion can be expressed as
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max (1, 0)= &% (2.9)
with the understanding that crack propagates a an angle 6 for which the criterion is met.
The critical effective plastic strain can be estimated as

&P =~2.48e15P7 (2.5)

where p =o/3 isthe hydrostatic pressure.

Ceretti et al. [15] implemented the Cockroft and Latham damage criterion for
material fracture [16]. According to the numerical model, material fracture is simulated
by deleting the mesh elements that have been subjected to high deformation and stress.

Accordingly, the damage criterion is evaluated by the Equation 2.6:

Er O'* _
C= [o| = e (2.6)

where C; is the critical damage value given by uniaxial tensile test, ¢ the strain at the
breaking condition, ¢ is the maximum stress. The criterion predicts the damage when the
critical value C; is exceeded. The damage is evaluated for each element of the workpiece.
Element deletion occurs when damage value is reached. To simulate the shear-localized

chip formation they used commercial software DEFORM2D and customized it with

new algorithms incorporating the damage criterion.

Hashemi et al. [17] developed a fracture algorithm for simulating chip
segmentation and separation during orthogonal cutting process. This criterion evaluates
the principal stress at each node in each computational cycle. If the magnitude of
principal stress exceeds a pre-determined value, which can be taken as material fracture
strength, a crack is assumed to initiate and propagate along the direction normal to the

stress vector.
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Obikawa and Usui [18] proposed an effective strain based criterion in their FEM
simulation of serrated chip formation in cutting Ti 6Al-4V. They postulated that when the
effective plastic strain at specific node reaches the preset critical value, this node is then
separated indicating crack initiation and propagation. According to them, in the
machining of titanium alloys, serrated chips are produced due to ductile cracks
propagating from the chip free surface. The following fracture criterion was applied for

the crack initiation and propagation:

£ >e, (2.7)
where g, =—max | 0.075In £ 1o —i+0.09exp 0+213
100 37.8 293

where max [,] is a function giving the maximum value in the bracket. This criterion is

based on equivalent plastic strain. This predetermined critical strain value ¢ is a function

of strain, strain ratezp , hydrostatic pressure o i, and temperature 6.

Rice [19] simulated shear-localized chip formation using critical shear strain
criterion. They developed the failure criterion from the studies of mechanism of chip
segmentation using photographs of segmented chips taken at various stages during
machining. Accordingly, they proposed that chip transforms from continuous to
segmental when nominal shear strain in the primary shear zone reaches critical value.

Iwata et al. [20] proposed the following stress-strain based criterion in their FEM

analysis of orthogonal cutting as:

E+
[ (€ +biom+ bo) de = by (2.8)
0
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where the constants b;, b, and bs are given as functions of metallurgical properties
However, the authors claimed that obtaining these constants needs complicated
experiments that requires high pressure.

Shivpuri et al. [21] implemented the deformation energy-based criterion proposed
originally by Cockroft and Latham [16] to simulate shear-localized chip formation of Ti
6Al-4V using FEM. This criterion was based on critical damage value given by:

gf_ O'* .
C= [ o| = e (2.9)

s | o
J

The C; value is a workpiece material constant and does not depend on the workmaterial
or the tool material. The C; value is a function of temperature and microstructure of the
point of interest and can be expressed as C; = f (T, m), where m denotes the
microstructure. When the temperature is below the g-transformation temperature, the
microstructure is presented by o+, otherwise microstructure is . The critical damage
value is evaluated for each element of the workpiece. Element deletion occurs when
damage value is reached. Thus the crack is initiated and propagated.

In the early 1970's Nakayama [22] found that saw-tooth chips were produced
when highly cold worked (60 percent reduction) 40/60 (Zn/Cu) brass was turned under
orthogonal conditions. Based on that he proposed a theory of saw-tooth chip formation.
Accordingly, shear crack initiates at the free surface of the chip in the primary shear zone
and runs from the surface downward along shear plane towards the tool tip. With further
advance of the tool, the chip glides outward like a friction slider along the cracked

surface until the next crack forms and a new cycle begins. A shear crack will initiate at

the free surface of the chip where the crack arresting normal stress is zero and proceeds
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downward along the shear plane toward the tool tip. Initially the crack will be continuous
across the width of the chip but will become discontinuous as higher crack arresting
normal stresses are encountered.

Owen and Vaz Jr. [23], applied computational techniques to investigate high-
speed machining. They focused on the simulation of Ti 6Al-4V machining involving
material failure due to adiabatic strain localization and addressed important issues, such
as adaptive mesh refinement and material failure. According to them, material failure
under adiabatic strain localization conditions results from the accumulation of large
plastic deformation and microscopic damage. They employed a two-parameter model to
describe material failure, i.e. a failure indicator (or fracture criterion), I, and an energy
release factor, W;. Accordingly, the former indicates failure onset and the latter defines

the amount of energy released during the softening process as shown in the Fig. 2.1.
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Fig. 2.1 Stress-strain diagram for a combination of strain hardening,
thermal softening and failure softening [23]
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The failure softening path, B-C, is governed by the softening modulus, E;, as

2
E: = aTY = -T e he (210)
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where he is the characteristic length of the particular element, Ty is the true stress of the
material a yield point and Ty, is the critical yield stress of the material where failure
initiates. They adopted a material failure criterion based on the uncoupled integration of
Lemaitre’'s ductile model. Lemaitre postulated that damage progression is governed by
void growth represented by the damage evolution equation

: -y ' Y
D=- 2.11
yor - D( | @1y

where D is the damage variable, r and s are damage parameters, ¥ is the dissipation
potential and Y is the damage strain energy release rate. They also incorporated a stress
update algorithm which is called as operator-split algorithm to which the computation of
the fracture indicator and failure softening were added. The methodology consists of
decomposing the problem into elastic and plastic components, in which the former
assumes that deformation is entirely elastic whereas the latter solves a highly nonlinear
system of equations comprising the congtitutive relations, evolution laws and plastic
consistency using the elastic predictor stage as the initial condition. In order to overcome
the problem of severe element distortion when using lagrangian formulations in their
simulations, they incorporated error estimator based on the principle that the adaptive
procedure should not only capture the progression of the plastic deformation but also
provide refined meshes at regions of possible material failure.

Samiatin and Rao [24] developed another model for shear-localization, which
incorporates a simple heat transfer analysis, and material properties, such as the strain-
hardening rate, the temperature dependence of flow stress, and the strain rate sensitivity

of the flow stress to edtablish the tendency towards the localized flow. Using their
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literature data, they found the non-uniform flow in metal cutting to be imminent when the
ratio of the normalized flow-softening rate to the strain rate sensitivity is equal to or
greater than 5.

Recht in 1964 [12] developed a classical model of catastrophic shear instability
for shear localization in metals under dynamic plastic conditions. Accordingly,
catastrophic shear will occur at a plastically deforming location within a material when
the slope of the true stress-strain function becomes zero. He formulated a simple criterion
for catastrophic slip in the primary shear zone based on the thermo-physical response of

the work material under the conditions of cutting. The catastrophic slip can be written as:

at

ngﬁgm (2.12)

36 d=
where 7, ¢ and 0 refer to the shear stress, shear strain, and temperature, respectively.
Material will shear catastrophically when this ratio lies between zero and one;
catastrophic shear will be imminent when the ratio equals to one.

Komanduri and Hou [25] developed a thermal model for the thermoplastic shear
instability in the machining of a Ti6Al4V alloy. It is based on the analysis of the shear-
localized chip formation process due to various heat sources (primary, preheating and
image) in the shear band. They determined the temperature in the shear band analytically
using the Jaeger’ s classical stationary- and moving heat source methods and used Recht’s
catastrophic shear instability model to determine the onset of shear localization.
Accordingly, the shear stress in the shear band is calculated at the shear band temperature
and compared with the shear strength of the bulk material at the preheating temperature.

According to Recht, if the shear stress in the shear band is less than or equal to the shear

24



strength of the bulk material, then shear localization is imminent. The cutting speed at
which this occurs is taken as the critical speed for the onset of shear localization. The
effect of depth of cut on the critical speed is determined and found that lower the depth of
cut, higher the critical speed for onset of shear localization. The cutting speed for the
onset of the shear localization in the machining of Ti 6Al-4V was found to be extremely
low, ~0.42 m/min for a depth of cut of 0.2 mm. A best-fit relationship between the
critical cutting speed for shear localization and depth of cut was developed using the
analytical data and is given by

V,, =0.082667xa, " ** (2.13)

2.2 Shear-L ocalized Chip Formation in Ti 6Al-4V: Experiments

Numerous studies on the machining of titanium alloys (analysis of chip formation
and cutting forces) have been carried out in arange of cutting velocities lower than 5 m/s,
by Komanduri and von Turkovich [11], Komanduri [26], Narutaki and Murakoshi [47],
Larbi [50], Bayoumi and Xie [39] and Diack [49]. In the work of Hoffmiester et al. [48]
and Molinari et al. [28], larger velocities were considered in the range of 20 to 100 nvs.
These studies illustrated several unique features associated with the machining of these
aloys, including the following [26]:
(1) The role of poor thermal properties of titanium alloys which interact with the
physical properties in controlling the nature of plastic deformation (i.e. strain
localization) in the primary zone is illustrated.

(2) Periodic gross inhomogeneous deformation occurs in the primary zone.
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(3) Instability in the chip formation process results in the segmented or cyclic chip.

(4) Oscillations in the cutting and thrust components of force cause chatter and the
need to have arigid tool-work-machine tool system.

(5) High tool-chip interface temperatures and high chemical reactivity of titanium in
machining with almost any tool material are responsible for the rapid tool wear.

(6) The low modulus of elasticity which decreases rapidly, even at moderate
temperatures, causes undue deflections of the workpiece, especially when
machining slender parts, and inaccuracies in the finished part.

Chip formation studies were conducted at various machining speeds from an
extremely low speed of 0.127 mm/min to a moderately high speed of 5.1 nVs. The low
speed experiments were conducted inside a scanning electron microscope and the cutting
process was recorded on a video tape. Chip formation studies at higher cutting speeds
were conducted on a lathe with the aid of a Hi-Cam high-speed movie camera (camera
speed up to 8000 frames/s) using the technique developed earlier by Komanduri and
Brown [19]. The sequence of events leading to cyclic chip formation when machining
titanium was described by Komanduri and von Turkovich [27] based on a detailed study
of videotapes of low speed machining experiments inside the scanning electron
microscope, high-speed movie films of the chip formation process at higher speeds and
the micrographs of the mid section of the chips. Accordingly, they described two stages
in the chip formation process. One stage involves plastic instability and strain localization
in a narrow band in the primary shear zone leading to catastrophic shear failure along a

shear surface. The other stage involves gradual build-up of the segment with negligible

26



deformation by the flattening of the wedge-shaped work material ahead of the advancing
tool.

Molinari et al. [28] carried out experimental analysis of shear localization and
chip segmentation in Ti 6Al-4V at cutting speeds in a range from 0.01 to 73 m/s. To
cover a wide range of cutting speeds, two different devices were used. The low cutting
speeds (0.01 to 1.0 nvVs) were obtained with a universal high-speed testing machine. The
second arrangement was constituted by an airgun setup for speeds from 1.0 to 73 nvs.
Accordingly, to avoid fracture of the tools at high impact velocities, small depths of cut
were used. All tests were carried out with carbide tools with arake angle 0" and the tools
were square shaped without chip-breaker. The collected chips were embedded into aresin
and the lateral section polished and etched for observation in the optical microscope. The
following conclusions were drawn from their experimental studies:

(1) Chip segmentation was observed to be related to adiabatic shear banding.

(2) Adiabatic shear bands are the manifestation of a thermomechanical instability
resulting in the concentration of large shear deformations in narrow layers.

(3) For velocities lower than 1.2 m/s, chip serration is related to the development of
deformed shear bands as shown in Fig. 2.2, which are the manifestation of
thermo-mechanical instability. However, at low values of cutting velocities, the
instability process is weak and the localization is not as sharp as for higher
velocities.

(4) The patterning of adiabatic shear bands were observed experimentally by
measurements of shear band width and chip segment width. Patterning is seen to

be strongly dependent on cutting velocity V.
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Fig. 2.2 Adiabatic shear-localized chip in aTi 6Al-4V alloy obtained
by orthogonal cutting at a cutting speed of 1.2 m/s[28]

Barry et al. [29] conducted orthogonal cutting tests to investigate the
mechanism of chip formation and to assess the influences of such on acoustic emission
(AE) for a Ti 6Al-4V alloy of 330HV with an uncoated P10/P20 carbide tool. Here, AE
refers to the transient displacement of the surface of a body, of the order of 10* m, due
to the propagation of high frequency elastic stress waves. The surface displacement is
detected by the AE sensor and typically output as a proportional voltage. Accordingly,
orthogonal cutting tests were undertaken using a Ti 6Al-4V alloy of 330 HV with
uncoated P10/P20 carbide tool with a rake angle of -6” and a clearance angle of 12", The
workpiece used was in the form of a 25 mm diameter disc, 1.1mm in width and was held
on a mandrel during cutting. The tests were performed on a Daewoo PUMA 4-3A CNC
lathe under a constant surface speed control. Acoustic emission signals were captured
with a Kistler wide band piezoelectric AE sensor and the signal amplified and
conditioned using a Kistler Piezotron unit.

Fig. 2.3 shows the influence of cutting speed and feed on chip morphology in the
orthogonal cutting of Ti 6Al-4V. They classified all chips obtained for different cutting

conditions in the range 20-100 um feed and 0.25-3 nVs cutting speed as either aperiodic

saw-tooth or periodic saw tooth. Accordingly, it was seen that with low values of cutting
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speed and undeformed chip thickness (e.g., 20 um), aperiodic saw-tooth chips were
produced. Increase in either or both of these parameters resulted in a transition from
aperiodic to periodic saw-tooth chip formation. They observed occurrence of welding

between chip and tool during machining and with degree of welding increasing with

cutting speed.
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Fig. 2.3 Chip morphology as a function of cutting speed and feed in
orthogonal cutting of a Ti 6Al-4V alloy [29]

In machining of Ti 6Al-4V, Barry et al. [29] observed that catastrophic failure occurs
not only within the primary shear zone, but also within the weld formed between the chip
and the tool rake face and the fracture of such welds appears to be the dominant source of
acoustic emission in machining Ti 6AIl-4V with cutting speeds greater than 0.5 nvs. This
is precisely the mechanism proposed by Komanduri and von Turkovich [11] (See Fig.5.1
in chapter 5).

Xie and Bayoumi [13] conducted orthogonal cutting tests and various
metallurgical analysis techniques were used to examine the chip formation process and

the role of shear instability. Cutting speeds were varied from 0.5 to 8.0 nVs and the feed
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rates from 0.03 to 0.5 mm/rev. The following are their conclusions from the
experimental study:

(1) The results from metallurgical studies showed no diffusion-type phase

transformation in the machined chips, while the X-ray diffraction tests

identified some non-diffusional phase transformation from fphase into o-

phase during chip formation.
(2) Intensive shear takes place in a narrow zone rather than in a plane as is often
assumed by some investigators in the analysis of orthogonal machining process.
(3) For each work material there exists a critical value (\f) of chip load a which
shear localized chips were observed. The cutting conditions also influence the
shear banding in a way that the shear banding frequency increases with an
increase in feed rate or a decrease in cutting speed.

Shivpuri et al. [21] conducted experiments on Ti 6AIl-4V using a CNC turning
center at cutting speeds of 60, 120 and 240 m/min, feed rates of 0.127 and 0.35 mm/rev
and depth of cut of 2.54 mm. They collected the deformed chips for different cutting
speeds and observed the chip morphology under a microscope. The cutting forces were
measured with a Kistler dynamometer (Type 9121). A general carbide tool was used with
arake angle of 15 and a relief angle of 6". They showed that (Fig. 2.4) as the cutting
speed is increased, the chip fracture observed at lower cutting speeds gradually reduces,
and the flow localization and strain between the serrated chip gradually increases
resulting in changing chip morphology (discontinuous chip becoming continuous but
serrated). They observed that the crack, which determines the serrated chip during

cutting, always occurs in the primary shear zone on the tool tip side and at low cutting
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speeds, the crack propagates to the tool tip because the temperature in the chip being
formed is much lower than the Stransus temperature. Whereas at high cutting speeds, the
crack propagates to the free surface as the temperature in the secondary shear zone at the
tool face is much higher than that in the free surface. This temperature is above S-transus
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Fig. 2.4 Shear-localized chip formed in machining a Ti 6Al-4V alloy at cutting
speeds of 60 and 120 m/min and feed rate of 0.127 mm/rev [21]

temperature and causes microstructura changes resulting in the rise of ductility in the
shear zones. The chip just formed during cutting process connects to the workpiece
forming the serrated chip morphology.

Ribeiro et al. [30] carried out turning tests on Ti 6Al-4V with conventional
uncoated carbide tools for cutting speeds of 55, 70, 90 and 110 m/min, using 0.1 mm/rev
feed rate and 0.5 mm depth of cut. The objective of this work was to optimize the cutting
speed for best finish in the machining of titanium alloy. Fig. 2.5 shows the variation of
roughness with the length of cut at different cutting speeds. They found 90 m/min to be

the optimum cutting speed for best finish.
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Fig. 2.5 Roughness of workpiece material (Ti 6Al-4V) as a function of

cutting length at different cutting speeds [30]

Lee and Lin [31] investigated the high temperature deformation behavior of Ti
6Al-4V alloy by conducting mechanical tests using compression split Hopkinson bar
under high strain rate of 2x10° s and temperatures varying from 700-1100°C in the
intervals of 100 C. Fracture features of the specimens after the mechanical tests were
observed using optical and scanning electron microscopy. They showed that extensive
localized shearing dominates the fracture behavior of this material and adiabatic shear
bands run across the specimen. Another important observation made relating to the shear
band is the formation and coalescence of voids in an adiabatic shear band, which might
lead to variation in mechanical properties of the material. Fig. 2.6 shows a typical array
of coalesced voids in a well-developed shear band. Initially, the voids are observed to be
spherical, but when the diameters reach the thickness of the shear bands, the voids
coalesce and their extension along the shear band results in elongated cavities and

smooth-sided cracks.

32



ey T : ¥ R e e
Fig. 2.6 Voids and cracks in an adiabatic shear band of a Ti6AI4V aloy
specimen deformed at 700 C and 2x 10% s* strain rate [31]

In each specimen, a transformed adiabatic shear band appears in the
microstructure, indicating that a catastrophic localized shear occurred during
deformation. Failure analysis of the specimens indicated that adiabatic shear bands are
the sites where the fracture of the material occurs, and that the thickness and
microhardness of the adiabatic shear bands vary completely with temperature.

Picu et al. [10] investigated plastic deformation of Ti 6Al-4V alloy under low and
moderate strain rates and at various temperatures. Mechanical testing was performed in
the temperature range 650-1340 K and at strain rates from 10 to 10 s*. A discontinuity
in the flow stress versus temperature curve was reported. Fig. 2.7 shows temperature
dependence of the yield stress at low strain rates (10 s*) and comparison with the
published results. The curve shows discontinuity at temperature T~ 800 K. At
temperatures above 800 K, the flow stress sharply decreases with temperature. The
discontinuity observed in the flow stress-temperature curve suggests that additional
deformation mechanisms become active at that temperature and this leads to dramatic

reduction in strain hardening. Texture has a significant effect on the flow stress at
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temperatures below the discontinuity, while higher temperatures rapidly decrease the
texture sensitivity. At temperatures in the 1100-1350 K range, phase transformation from

. 10 S becomes the impetus behind the mechanical behavior. Also associated with this
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Fig. 2.7 Temperature dependence of flow stressin aTi 6Al-4V alloy at
very low strain rates of 10° s™* [10]
transformation is a pronounced variation in the strain rate sensitivity (m), with the
sensitivity being higher in the 100% f material.

Reissig et al. [32] investigated different machining processes, such as drilling,
shot peening and electrochemical drilling. According to them, it is usually very difficult
or often impossible to measure directly the surface temperatures introduced by machining
processes, such as deep hole drilling. Therefore, they presented a post-mortem-method
which allows the determination of maximum temperatures during machining by
measuring the local vanadium concentration in a Ti 6Al-4V alloy. They proposed a
method to determine a local pseudo temperature to determine in regions at a distance as
small as 50 nm from the surface. InaTi 6AIl-4V aloy, vanadium is used as a f-stabilizer

and highest vanadium concentration is found in the g-phase. By using the method they



proposed, in drilling maximum pseudo temperature occurs at the end of the drilled hole
and is very close to the p-transus temperature of Ti 6Al-4V aloy. Initialy the
temperature was about 490 K and increased linearly by 5 K/mm between the start of the

drill hole and the end. They accounted for this increase to be due to insufficient coolant
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Fig. 2.8 Pseudo-temperature variation with drill depth showing alinear
increase [32]
supply. The pseudo-temperature measurements in shot peening showed that the
maximum value was 1106 K in a surface region of about 50 nm thickness and the electro
chemical drilling showed no significant increase in pseudo temperature.

Lacalle et al. [33] conducted milling tests on Ti 6AIl-4V alloy to study the tool
influence of the tool geometry and coating as well as the influence of cutting conditions
on the productivity of the milling process. They used cutting speeds between 11 and 14
m/min, feed between 0.04 and 0.15 mm/tooth, helix angles of 30°, 45", 60", number of
teeth of 3, 4, 6 and uncoated cemented carbide milling cutters as cutting tools. Based on
their studies they reached the following conclusions:

1) Cutting speed has a crucial role in the tool roughening. Serrated chips are

found for al the cutting speeds. Fig.2.9 shows serrated chips for 80 m/min and

140 m/min.
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Fig. 2.9 Serrated chips obtained in machining a Ti 6Al-4V alloy at cutting
speeds (a) 80 m/min and (b) 140 m/min [33]

2) For high feed values, thick chips are generated and they result in increasing
cutting loads, increasing chip deformation and separation.
3) As far as usage of coating materials for HSS steel tool in the machining of

titanium alloys, it is found that flank wear can be delayed with TiCN coatings.

2.3 Shear-L ocalized Chip Formation in Ti 6Al-4V-FEM Simulations

Xie et al. [13] presented a quasi-static finite element model of chip formation and
shear banding in orthogonal metal cutting of Ti 6AI-4V using a commercial FEA code
(NIKE2D ™). The updated Lagrangian formulation for plane strain conditions is used in
this investigation. The tiebreak sideline was used to separate the newly formed chip from
the workpiece surface. The effective plastic strain is used as the material failure criterion
and a dtrain-hardening thermal-softening model for the flow stress is used for shear-
localized chip simulation. A series of finite element simulated machining tests with

different tool rake angles ranging from—16" to 20" were carried out at a cutting speed of
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5 m/s and a feed of 0.3 mm to study the effect of rake angle on shear band angle and
cutting forces. Fig. 2.10 (a) and (b) shows machining process modeled with a negative
rake angle -8". The simulated results show that the effective plastic strain is within a
narrow area along the shear zone angle, and the field of the maximum shear stress
matches with the area of the primary and secondary shear zones. They reported that the
finite element model predicts the detailed deformation in front of the tool tip and the

initiation of the shear band.

.

(@ (b)
Fig. 2.10 Chip formation process showing shear localization in finite
element simulation of aTi 6Al-4V alloy at cutting speed of
5m/s and feed 0.3mm using -8 rake angle tool [13]

However, from their investigation, it can be observed that they have not used a
reliable material model to represent strain-hardening and thermal-softening behavior of
Ti 6Al-4V during metal cutting process as they mentioned in their study that they
arbitrarily composed the thermal-softening part of the material behavior by making the
stress from strain-hardening part to thermal-softening part to decrease by 50%. Xie et al.

[13] also mentioned that, they used a debond (node separation) criterion based on critical
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effective plastic strain for chip formation. It can be observed from their investigation that
they have used an arbitrary value of 0.5 for critical effective plastic strain. Also from the
Fig. 2.10 it can be noticed that, they have just shown the onset of chip segmentation and
did not show complete chip formation process.

Obikawa and Usui [18] developed a finite element model for the computational
machining of titanium alloy Ti 6Al-4V. Fig.2.11 shows the cutting model they used in the
finite element analysis. A cemented carbide tool (FGHI) and atitanium alloy (Ti 6AIl-4V)
(ABCDEF) were modeled with four node (linear) quadratic isoparametric elements. The
tool was assumed to be rigid and the finite elements in it were used only for temperature
calculations. The cutting speed used was 30 m/min, the undeformed chip thickness was
0.25 mm and the tool rake angle was 20". The parallelogram ABCF was part of the
workpiece to be removed as chip. Two-dimensional elastic plastic analysis was
formulated in updated Lagrangian form and procedures needed for metal cutting were
developed for unsteady state heat conduction and material nonlinearities. The friction on
the rake face and the complicated flow stress characteristic of the titanium alloy at high
strain rates and high temperatures were also considered. Fig.2.12 shows the serrated chip
formation process in case of the titanium alloy that was obtained by the FEM simulation.
In this investigation, to ssimulate serrated chip formation they used a geometrical criterion
based on fracture strain and defined boundary conditions in such a way that crack
propagation occurs in the predetermined path. Hence these simulations lack actual

physical phenomenon and mechanism of chip segmentation.
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Fig. 2.11 Tool-workpiece mesh system used in finite element simulation
of orthogonal metal cutting aTi 6Al-4V alloy [18]
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Fig. 2.12 Serrated chip formation with cutting length in finite element
simulation of machining a Ti 6Al-4V alloy at cutting speed
30 mVmin, feed 0.25 mm and 20" rake angle [18]

Maekawa et al. [34] used an iterative convergence method (ICM) to simulate
metal cutting process. The ICM uses flow lines which consist of trajectories of particles
or a series of finite elements. The chip is supposed to be pre-formed on the surface of the
work material and to be stress free. Calculation proceeds by incrementally displacing the
workpiece towards the tool so that a load develops between the chip and the tool. A

plastic state develops in the chip deformation zone and it is checked with the assumed

39



chip shape and automatically altered and the calculation is repeasted. However, this
method simulated only continuous chip. Later, to simulate serrated and discontinuous
chips, a sophisticated methodology was developed for approximation of such
discontinuity. A failure strain criterion was introduced into the ICM methodology, so that
crack initiates at the tool side within the highly deformed workpiece and propagates
towards the free surface side, resulting in the periodic segmentation of the chip. Applying
this methodology, Ti 6AIl-4V alloy machining simulations were carried out a 30 m/ymin
cutting speed and 0.25 mmvrev feed rate using 20 rake angle tool. Fig. 2.13 shows the
predicted serrated chip shape in titanium alloy machining simulation. They concluded
that serration arises in the chip from a small fracture strain of the alloy and not due to
adiabatic shear instability. But then, as stated above, they introduced a failure strain
criterion so that crack initiates at the tool side within the highly deformed workpiece and
propagates towards the free surface side. And as their simulation approach is based on
geometric criterion with preformed chip shape, this work does not represent actual

mechanism of chip segmentation observed in machining.
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Fig. 2.13 Serrated chip formed in finite element simulation of orthogonal
metal cutting of a Ti 6Al-4V alloy at cutting speed 30 nVmin,
feed 0.25 mm and 20 rake angle [34]
Owen and Vaz Jr. [23], simulated machining of Ti 6AIl-4V alloy in which, they

addressed such issues as evaluation of the mesh refinement procedure, strain localization
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process, and material failure process. The geometry and the initial mesh they used for a
rake angle of -3" are depicted in Fig.2.14. An enhanced one-Gauss point element was
used in the simulation. The simulations employed an error estimator based on uncoupled

integration of Lemaitre’s damage model. Tests were undertaken to evaluate the effect of

(a) Geometry (b) Initial mesh

Tool

Fig. 2.14 Initial geometry and workpiece-tool mesh used in finite element
simulation of orthogonal machining of Ti 6Al-4V alloy [23]

the cutting speed (from 5 to 20 m/s) and rake angle (from -9 to 9") and to assess the
capacity of the remeshing procedure to describe the process evolution. They assumed
fracture strain as the governing parameter of material failure in high-speed machining and
assessed two indicators of failure, namely, equivalent plastic strain and a fracture strain
based on Lemaitre’ s damage model. The chip breakage process for a fracture strain based
on the equivalent plastic strain was illustrated in Fig 2.15 which shows the elements
undergoing a failure softening and fracture propagation. This criterion assumes that
fracture initiates when effective plastic strain is equal to failure strain which is greater

than or equal to 1.0.
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However, from the Fig.2.15, it can be observed that only onset of chip
segmentation process is shown in this investigation and it does not represent the exact

physical phenomenon and mechanism of chip segmentation.
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(a)Fig. 2.15 Segmented chip fofr?wation process in machining simulation of a
Ti 6Al-4V alloy at 10 m/s cutting speed and 0.5 mm feed using
a-3 rake angle tool [23]

Baker et al. [35] developed a two-dimensional finite element model to simulate
high-speed machining of Ti 6Al-4V using the commercial software, ABAQUS, together
with a special mesh generator programmed in C++. In ABAQUS, they used standard
program system, which allows the definition of complex contact conditions, leaves many
possibilities to define material behavior, and can be customized in many regards by
including user-defined subroutines. Preprocessor they used for automatic remeshing was
written in C++ using standard class libraries to ensure that elements never become too
distorted and refined mesh is created in the shear zone. They assumed that chip
segmentation is caused solely by adiabatic shear band formation and that no material
failure or cracking occurs in the shear zone. They used four-noded quadrilateral elements
which converge better than triangular elements. The number of elements they used in the

simulations varied with the number of segments. About 5000 elements and 7000 nodes

were used at the beginning of the simulation and 10000 elements and 12000 nodes near
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the end. The element edge was about 7 um in the shear zone and Fig. 2.16 shows the
finite element meshes at different stages of the cutting process with segmented chip

formation.

orthogonal metal cutting of a Ti 6Al-4V alloy at 50 m/s cutting
speed and 0.04 mm cutting depth using a 10 rake angle tool [35]

Baker et al. [35] also investigated the influence of the elastic modulus and cutting
speed on chip segmentation. They reported that elastic modulus affects the degree of
segmentation. They also studied the influence of thermal conductivity on chip
segmentation and showed that the degree of segmentation decreases with increasing
thermal conductivity.

In thisinvestigation, Baker et al. [35] used a pure deformation process to simulate

metal cutting process without node separation. The material that overlaps with the tool as
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the tool advances is removed using remeshing technique. This phenomenon however
does not represent actual physical process of chip formation in machining. They also
mentioned that they have found the strain-hardening part of plastic flow curves
experimentally and determined the thermal softening part arbitrarily to facilitate the
adiabatic shear bands formation which is unrealistic. In their simulations, it can be
observed that high speeds are used, no friction is assumed between tool and the
workpiece and heat flow into the tool is neglected. Also, Fig.2.16 does not represent
actual mechanism of chip segmentation.

Sandstrom and Hodowany [36] modeled the high-speed orthogonal machining of
Ti 6Al-4V using the commercial FEM code, Mach2D™ at a cutting speed of 10.16 my/s.
Simulation results included chip segmentation, dynamic cutting forces, unconstrained
plastic flow of material during chip formation, and thermo-mechanical environments of
the workpiece and the cutting tool. They reported good agreement of the simulated
cutting force to the experimental data. However, it can be observed that their
investigation lack low speed simulations.

Shivpuri et al. [21] used a commercial finite element software (DEFORM 2D ™)
which is a lagrangian implicit code designed for metal forming processes, to simulate the
orthogonal machining of Ti 6Al-4V. They modeled workpiece as a rigid-visco-plastic
material owing to large plastic deformations taking place in the primary and the
secondary deformation zones during the machining process. Furthermore, high mesh
density was defined around the tool tip and excessively deformed workpiece mesh was
automatically remeshed as needed during simulation. They modeled the tool as rigid (or

elastic) material so that stresses in the tool body can be predicted. Dynamic flow stress



model was used to represent material behavior dependence on strain, strain rate, and
temperature. Ductile fracture criterion was used to simulate crack initiation and
propagation for chip segmentation. Simulations were conducted at cutting speeds of 1.2,
120 and 600 m/min and a feed rate of 0.127 mm/rev. Fig.2.17 shows the plastic strain
distribution that presents the initiation of shear plane and the formation of shear zone.
Based on simulations, they proposed that chip segmentation during cutting Ti 6Al-4V

aloy is caused by flow localization within the primary deformation zone and upsetting
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Fig. 2.17 Equivalent plastic strain distribution in serrated chip simulated at
cutting speeds of 1.2, 120 and 600 nVmin inaTi 6Al-4V alloy [21]
deformation zone by moving tool rake face on the segment to be formed ahead of it. The
flow localization induces fracture that separates segment from the workpiece matrix.
Flow localization causes crack in the primary deformation zone while the secondary
deformation zone controls the chip morphology (segmented or discontinuous).
Discontinuous chip was formed at low speed (1.2 m/min) and segmented chips at higher

cutting speeds (120 and 600m/min). At low cutting speeds, crack was observed to initiate
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at thetool tip and propagates to the free surface of the chip while at higher cutting speeds,
crack propagates from free surface towards the tool tip.

In their investigation, Shivpuri et al. [21] used maximum tensile stress criterion for
ductile fracture to simulate serrated chip formation while maximum shear stress criterion
accurately models serrated chip formation. Also, it can be observed from Fig.2.17, that
chip morphology does not look like a serrated chip.

Although most of the researchers reported that their simulation results were in
good agreement with the corresponding experimental data and their material model
accurately predicts material deformation behavior in simulations, there is no consensus
on which criterion represents the best for shear-localized chip formation in orthogonal
metal cutting simulation of Ti 6Al-4V alloy.

Some of the major drawbacks of the finite element simulations of shear-localized
chip formation in Ti 6Al-4V alloy found in the literature include:

1) The methodology proposed by many researchers using non-commercial FEM

codes makes it difficult for end users.

2) Few researchers used extensive computer time and engineering effort, which
makes their technique not economical to use.

3) The lack of reliable material data under specific process conditions such as,
strain, strain rate and temperature that must be used as inputs to any material
flow simulation program results in difficulty in applying to practical processes.

4) Most of the finite element simulations of Ti 6Al-4V alloy, lack proper
experimental validations (especially chip morphology).

5) Lack of low speed machining simulations (< 10 m/min).
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CHAPTER 3

FINITE ELEMENT FORMULATION OF METAL CUTTING

3.1 Introduction

I mprovements in manufacturing processes require better modeling and simulation
techniques of metal cutting. The process involves very complicated mechanisms such as
interfacial frictional behavior, extremely high temperatures, complex stress state between
tool chip interface, high strain rates, different types of chip formation, work hardening
and thermal softening. Unfortunately, these complicated mechanisms associated have
limited the performance of cutting process modeling and in recent years researchers in
the metal cutting field are paying more and more attention to the finite element method
due to its capability of numerically modeling different metal cutting problems. The
advantages of using finite element method to study machining can be summarized as
follows:

1) Material properties can be handled as a function of strain, strain rate, and

temperature.

2) Thetool-chip interaction can be modeled as sticking and sliding.

3) Non-linear geometric boundaries can be represented and used, such as free

surface of chip.
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Although the ideas of finite element analysis may date back much further, it was
after further treatment of plane elasticity problem by Clough in 1960, that researches
began to recognize the efficacy of finite element method in the engineering field. The
advent and continuous improvements of digital computers have made finite element
analysis a useful analytical tool which has been applied very efficiently in amost every
area of engineering field. One of the most important reasons that finite element analysis
is so widely used is that it can be routinely used. There are a definite set of several basic
and distinct steps used in the FEM simulations:

1) Discretization of the continuum.

2) Selection of the interpolation function.

3) Determination of the element properties.

4) Assembly of the element properties in order to obtain the system equations.

5) Determination of the constraints and other boundary conditions.

6) Solution of the system equations.

7) Computation of the derived variables.

Inspite of the success of the finite element method in solving a very large number
of complex problems, there are still many areas where more work needs to be done.
Some examples are the handling of problems involving material failures and the

modeling of nonlinear material behavior.

3.2 Finite Element Formulation

The basic idea of using the finite element method is to seek a solution to the

momentum equation [37]:
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o, +b=pu  (,j=123), (3.1)

where g is the Cauchy stress tensor, p is the current mass density, by is the body force,

Vi is the particle velocity in Cartesian coordinates, Di is the acceleration, and j indicates

partial differentiation with respect to x. Equation 3.1 satisfies the trajectory boundary
condition:
agin=T, (3.2

where njis the unit normal to the boundary and T; is the surface traction on the plane with
aunit normal nj.

In this study, displacement based finite element method, which is the most widely
used formulation in engineering among many finite element analysis techniques
available, is applied to model the machining process. The displacement boundary

condition that Equation 3.1 should satisfy at timet is given by:
U (t) = (33

For elastic-plastic deformations, the strain rate tensor is usually decomposed into elastic

and plastic parts such that
éij =%(vi,j +v“), éij =éeij+g"’i (3.9
From Hook’ s law, we have
£% =C™'ou; Clu =2G5,0, Jr%aij 5, (3.5)

where, CSjq is the elasticity tensor, G and v are the shear modulus and poisons ratio,

respectively, and (c;'ij isthe corotational strain given by
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O?ij :dij_aikwjk + 00 (3.6)
with a,, being the material spin.

P
Using the von Mises flow rule, £ j; isobtained as

P Py
E ij = l_S” (37)
T

N

- SR
where s; is the deviatoric stress, y=[25ijpgijp) is the effective strain rate and
J

1
T= (%s,j sj)i is the effective shear stress. The effective strain rate in Equation 3.7 is

determined from the yield criterion of the rate-independent materials. For von Mises

materials, yield criterion is given by

£, =3, -(y)=0, (38)

where J; is the second invariant of s; from the consistency condition one can obtain the

relation

y=— h=2L, (3.9)

where h is the hardening/softening modulus. Combining Equations 3.2 to 3.5, 3.7 and 3.9

we obtain,

oij =Cyy éij : (3.20)

where Cjjq isthe elastic-plastic incremental tensor and is given by

2
Ciw =Cfiw —CPiw, CPia = _ZG— S; S« (3.11)
7 (G+h)

For rate-dependent materials, Equations 3.4 and 3.5 yield
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oij = CFi ékl—l—skl (312
2t

These equations are implemented in all finite element programs. The solutions of
engineering problems require the application of three conditions:

1) Equilibrium of forces.

2) Compatibility of deformations.

3) Congtitutive relationship (material behavior).

These three conditions are used to generate the system of equations with stresses
or displacements as unknowns. The former approach is called the force method and latter
approach is called the displacement method. In general among many finite element
techniques available displacement-based finite element method is most widely used
formulation in engineering. The displacement method generates finite element equations
of the form [38]:

[K]u}® ={F} (3.13)
where [K] is the global stiffness matrix, {F} is the vector of all applied loads (known
variables), and {u}© is the nodal displacement vector (unknown variables). It should be
noted that applied load is not necessarily the force; it may be stress, displacement rate,
etc. Solving the above equation yields the nodal displacement vector {u}©. Then, the

element strains {&} can be determined by the strain-displacement relationship and stress

{ o} can be calculated from the constitutive relationship [38] as:

je}=[Blu}”
fo}=[M][Blu}® =[s}{u}®

(3.14)
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where [B] is the strain-displacement matrix which usually has all constants, [M] is the
material property matrix, and [§ = [M][B] is usually called the element stress matrix. The

following coupled system of ordinary differential equations are used:
[M]{U}+{Fim(u,u,T)}:{P(u,b,t,T)} (3.15)

where {Fi} isthe internal nodal force vector and {P} is the external nodal force vector
which can be a function of nodal displacement u, body force per unit volume b, time t

and nodal temperature T. The element stiffness [K]® can be calculated as:

[K1°=]

(B]?) [M]9[B]?dDe (3.16)

De
where [B]® is the strain-displacement matrix, [M]® is the material matrix and D° is the
element volume. The element contribution to the internal nodal force vector {Fin}© can

be obtained as:
{Fint }(e) = .[De ([B](e) )T {Ti }dD (3.17)

Then the global stiffness matrix [K] and internal load vector { Fi} can be constructed as:

(3.18)

{Fint }: 2 {Fint }(e)

It is necessary to point out that for metal cutting simulations, the matrices [B]© and [M]©
are no longer constant as metal cutting analysis is a non-linear, large deformation
analysis. Therefore [B]© and [M]® need to be evaluated at each step of the finite element
calculation.

For quasi-static analysis of metal cutting process, the finite element equations (Equation

3.13) are simplified by eliminating the inertial effects, and thus have the form:
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{Fim(u,u,T)}={P(u,b,t,T)} (3.19)

To obtain the solution at time step t,+1, the finite element equations are first linearized
about the configuration at t, as.

[K],{auf = 1P} —{Fu ], (3.20)
where [K], is the stiffness matrix based on the configuration at t, and {AuU}  is the

increment in displacement where the superscript denotes iteration number. {Au} " can be

solved from Equation 3.20 and displacement is updated by:

ful,, =u}, +s%Auf’ (321)

where s is a parameter between 0 and 1 which is determined by line search scheme.

Finally, the equilibrium iterations can be performed by solving the following equations:
[KT{A} ={P}. ., —{F, F s = {QJ naa (3.22)
where {Q}'+1 is the residual. And the convergence is determined by examining both the

displacement norm

WUA—U}IH <&y (3.23)
and energy norm:

(fau} ) Qo _, | (3.24)

() QP °

In the Equations 3.23 and 3.24, umy is the maximum displacement norm above all of the

n steps including the current iteration, g and . are the tolerances that are typically 10% to
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10° or smaller and are usually adjustable for different problems. If the convergence is not
attained and solution is divergent, the solution is obtained by:

W ={ufna + 5 {Au} (3.25)
where s isthe parameter same as s at the i iteration. Iterations will then continue and if
the solutions are determined to be divergent, or convergence fails to occur within an
assigned number of iterations the stiffness matrix is [K] is reformed using the current
estimation of the geometry before continuing the equilibrium iteration.

The commercial software AdvantEdge™ is used in this study to simulate the
metal cutting process. The finite element formulation used in this software is a
Lagrangian formulation. The central difference rule is used to integrate the equations of
motion. AdvantEdge™ uses a lumped mass formulation for efficiency, which produces a
diagonal mass matrix that renders the solution of the conservation of the momentum

equation given by [37]:

o, tpb = pui (3.26)
This equation shows the inertial forces and internal forces, due to the current state of

stress, are in balance with the applied boundary loads. The weak form of the above

equation based on the principle of virtual work becomes:

1I]

Jvioy | +vipbav = [ pv, uidv (3.27)
B B
solving and rearranging the above equation gives:

[pvuiav + [v, joydV = [vioyn,dQ+ v, phdv (3.28)
B B oB B

Finite element discretization of the above equation provides:



[ PNN,un dV + [N, oV = [N,z,dQ + [ N baV (3.29)
B B oB B

It can be represented in matrix form as.

Ma,, +R,," =R, (3.30)
where
M, = [ PoN.N,dV, (3.31)
By
is the mass matrix and
R.™ = [bN,dV, + [7,N,dQ, (3.32)
By 9By
is external force array and
R.™ = [RN,dv, (3.33)
By

is the internal force array. In the above expressions, N, a=1,....,numnp are the shape
functions, repeated indices imply summation and a (,) represents partial differentiation
with respect to the corresponding spatial coordinate, and P is the first Piola-Kirchoff
stress tensor analogous to nominal or engineering stress. Using the Newmark family of
algorithms for temporal integration of the discretized weak form, second order accurate
explicit analysis can be achieved through the central difference scheme. Since plasticity
results in softening of stiffness matrix, it suffices to look to the bounding case of linear
elasticity, for which the generalized eigen problem is given by:
(Kij —/1'Mij jl =0 (3.34)

Accurate computation of the system eigen values is essential due to changes in mesh

geometry (eigen values) arising from deformation. Since the largest system eigen value is
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bounded by the largest element eigen value, it suffices to compute the largest eigen value
of each element to determine the critical time step for the mesh. Heat generation and
transfer are handled via the Second Law of Thermodynamics. A discretized weak form of

the law is given by:
Tn+1 = Tn + At Tn (335)

CT,

KT, =Q (3.36)

n+1

A lumped capacitance matrix is used to eliminate the need for solving any equations.

CT+KT=Q (3.37)

where T isthe array of nodal temperatures.

Ca = [ 6N NV, (3.39)
B
isthe heat capacity matrix and
K = [DyN N, dV (3.39)
By
is the conductivity matrix and
Q, = [sN.av + [hN,dS (3.40)
B B

is the heat source array with h, having an appropriate value for the chip or tool. In
machining applications, the main sources of heat are plastic deformation in the shear zone
and frictional sliding in the tool-workpiece interface. The rate of heat supply due to the

first is estimated as:

s= W (3.41)
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P
where W isthe plastic power per unit deformed volume and Taylor-Quinney coefficient

p is of the order of 0.9. The rate at which the heat generated at the frictional contact, on

the other hand is given by:

h=-t-|v| (3.42)
where't is the contact traction and ||v| isthe jump in velocity across the contact.

A staggered procedure is adopted to couple mechanical and thermal equations.
Geometrically identical meshes for the mechanical and thermal models are used.
Mechanical and thermal computations are staggered assuming constant temperature
during the mechanical step and constant heat generation during the thermal step. A
mechanical step is taken first based on current distribution of temperatures, and the heat
generated is computed from plastic working and frictional heat generation. The heat thus
computed is transferred to the thermal mesh and the temperatures are recomputed by
recourse to the forward-Euler algorithm. The resulting temperatures are transferred to the
mechanical mesh and are incorporated into the thermal-softening model which completes

one time step cycle.

3.3 Friction formulation along tool-chip interface

Friction along the tool-chip contact during the cutting process is a very complex
phenomenon. Friction influences chip formation, built-up edge formation, cutting
temperature and tool wear. Therefore it is necessary to understand the friction mechanism

across the tool face and around the edge of the tool, in order to develop accurate models
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for cutting forces and temperature. In the AdvantEdge™ software, the friction model
incorporated is coulomb friction model and it is represented by:

T= o (343
where 7 is the frictional shear stress and o is the normal stress to the surface. Usually the
friction coefficient 4 is assumed to be constant for a given interface. In the metal cutting,
the cutting pressure at the tool-chip interface will become several times the yield stress of
the workpiece material. In this extreme case, the real contact between the tool and
workpiece is so nearly complete in the sticking region that sliding occurs only beyond
this region. Therefore the frictional force becomes that required to shear the weaker of
the two materials across the whole interface. This force is aimost independent of the

normal force, but is directly proportional to the apparent area of contact.

3.4 Formulation of Contact Conditions

In metal cutting simulations, mesh-on-mesh contact occurs between the
workpiece and the tool and this contact is formulated in AdvantEdge™ software using
predictor-corrector method of PRONTO2D™ explicit dynamics code. The two
contacting surfaces are designated as master and slave surfaces (Fig. 3.1). Assuming that
no contact has occurred, nodal accelerations from the out-of-balance forces are calculated
and nodal positions, velocities, and accelerations are predicted by predictor agorithm. A
resulting predictor configuration shows penetration of the master surface into the slave
surface. The contact conditions are designated by an auxiliary consecutive numbering of
the nodes on the contacting surfaces. The penetration distances for all nodes on the slave

surface are then calculated. The contact force required to prevent penetration is equal to
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the force required to keep the master surface remain stationary on predictor
configuration. Tangential force exerted by the master surface on the slave node cannot
exceed the maximum frictional resistance. This condition should be satisfied to prevent
unwanted penetration. A balanced master-slave approach in which surfaces alternately
act as master and slave is also employed; however, rigid surfaces are always treated as

master surfaces.

Slave Surface

Slave Surface

Master Surface Master Surface

(a) (b)

Fig. 3.1 Contacting surfaces in a mesh showing (&) predictor configuration
and (b) kinematically compatible configuration [14]

3.5 Adaptive remeshing

In AdvantEdge™ finite element formulation incorporates a six-noded quadratic
triangular element with three corner and three midside nodes providing quadratic
interpolation of displacements within the element as shown in Fig. 3.2. The element is
integrated with three-point quadrature interior to the element. At the integration points,
the constitutive response of the material is computed and consequently linear pressure

distribution is provided within the element.
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Node

Quadrature
point

e
1

Fig. 3.2 Six-nodes and three quadrature points shown in atypical six-noded
triangular element used in the finite element mesh of the workpiece
and tool [14]

During metal cutting, workpiece material flows around the cutting tool edge. In
this process, at the tool vicinity elements get distorted and the accuracy is lost. To
aleviate element distortion, finite element mesh is updated periodically, refining large
elements, remeshing distorted elements and coarsening smaller elements. For instance, if

an element needs refinement, the diagonal of the element is split, a midside node

becomes new corner node and new midside nodes are added to both elements as shown in

Fig.3.3.
Diagonal
refinement
Initial
Element
(@ (b)
Fig. 3.3 Element shape in afinite element mesh (a) before and (b) after

adaptive remeshing [14]
For adaptive remeshing, an adaptation criterion based on the equidistribution of

plastic power is used. In this approach, elements with plastic power content exceeding a
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prescribed tolerance TOL, are targeted for refinement. The criterion can be represented as
[14]: [ WPdQ>TOL (3.44)
here Q,° denotes the domain of the element e and the plastic power for an element is

given by WP =c e” (3.45)
if, despite this continuous remeshing, elements arise with unacceptable aspect ratios, the
mesh is subjected to Laplacian smoothing. Besides sidestepping the problem of element
distortion, adaptive remeshing provides a means of simultaneously resolving multiple
scales in the solution. Transport of data, such as displacement and temperature from old

mesh to new mesh after remeshing is done by interpolation technique.

3.6 Chip formation

Different numerical techniques for modeling chip separation exist and they can be
divided into two categories- geometrical and physical. The geometrical model is usually
based on the tied slide-line interface which debonds when certain criterion is fulfilled.
This criterion may be a certain level of stress, strain or simply when the cutting edge is
close enough to the front nodes. On the other hand, physical model is based on the
physical behavior of the material, such as plastic deformation, crack initiation and crack
propagation without pre-determining its path.

AdvantEdge™ simulation software uses critical stress intensity factor, K¢, as a
fracture criterion for brittle materials and crack tip opening displacement (CTOD) for
ductile fracture. Brittle fracture, such as the one that occurs below the transition
temperature, proceeds by cleavage. In particular, conditions for brittle fracture are found

to be consistent with the attainment of a critical opening stress o; at a critical distance |.
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The critical stress oy is found to be relatively independent of temperature and strain rate

and can be inferred from the toughness K¢ through the small scale yielding relation [14]

Kic (3.46)

()' =
N

The crack trajectory under conditions of brittle fracture is predicted using maximum hoop

stress criterion according to which crack propagates along the angle 0 from the crack face
at which the hoop dress o ¢ attains a relative maximum. Void growth and coalescence
are known to be principal mechanisms of ductile fracture. The rate of growth of voidsis
accelerated by the blunting of the crack tip, which has the effect of raising the hydrostatic
stress at the location of the void. The crack tip opening displacement (CTOD) criterion
for ductile fracture can be recast as the atainment of critical effective plastic strain &% of
the effective plastic strain at a distance | ahead of the crack tip [14]. The criterion can be

represented as.

max & (1,8)= &% (3.47)
where 0 isthe angle at which the crack propagates when the criterion is met. The critical
effective plastic strain (&%) can be estimated as

5P

Pi~248e © (3.48)

where p= o /3 isthe hydrostatic pressure.
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CHAPTER 4

PROBLEM STATEMENT

As mentioned in the literature review, many researchers in the past have
developed analytical models to explain the theory of chip segmentation. Many theories
based on adiabatic shear failure, damage model and crack initiation and propagation have
been proposed for segmented chip formation in Ti 6Al-4V. But most of the models suffer
from a lack of adequate acceptable methodologies for application under a wide range of
cutting conditions. In addition, very little work has been done on finite element
simulations of machining Ti6AIl-4V alloy (especially at very low speeds). Most of these
simulations have limited experimental validation under few selected cutting conditions
and tool geometries. This is an area deserving more study because a reliable finite
element model of chip segmentation needs a realistic material model to describe material
behavior accurately under high temperatures, high strains, and high strain rates and a
proper failure criterion to represent the mechanism of chip segmentation.

Thus an attempt has been made in this study to deal with the above mentioned
aspects. The specific objectives of this study are:

1) To sudy the mechanism of chip formation in machining Ti 6Al-4V using

finite element simulations.
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2)

3)

4)

5)

6)

7)

To formulate areliable material model, such as the Johnson-Cook model into
the user defined material code (UMAT) so that it can represent material flow
stress with respect to grain, strain rate, and temperature at different machining
conditions.

To derive equations for Recht’s catastrophic shear failure criterion and
incorporate it into UMAT code as a failure criterion for shear-localized chip
formation in Ti 6AI-4V.

To validate the finite element simulations with experimental results obtained
from the literature by comparing the cutting forces, rake face temperature and
chip morphology.

To predict the critical cutting speed for the onset of chip segmentation.

To conduct finite element simulations using commercial finite element
software, AdvantEdge™.

To study the effect of different machining conditions, such as cutting speed,
feed, rake angle and coefficient of friction on cutting forces, rake face
temperature, shear zone temperature, equivalent plastic strain, frequency of

chip segmentation, shear band width, and power consumption.



CHAPTER 5

SHEAR LOCALIZATION IN Ti 6Al-4V MACHINING

5.1 Shear-L ocalized Chip in Ti 6Al-4V

Titanium alloys are one of the most attractive materials because of their high
specific strength maintained at high temperatures, excellent fracture resistance and
corrosion resistance. They are much sought after materials for aerospace applications.
Although Ti 6AI-4V comprises about 45% to 60% of titanium products in practical use, it
is considered as difficult-to-machine material because of its unfavorable thermal
properties. Generally, two types of chip formation are observed in machining Ti 6Al-4V
based on the cutting speed. They are the continuous chip and the segmented chip.
Segmented chip is also called shear-localized chip because of intense plastic deformation
in the narrow band between the chip segments and negligible deformation within the
segment. According to Komanduri and Hou [25], for titanium alloys shear localization
occurs even at very low cutting speeds (<0.5 m/min) and continues over the entire
conventional cutting-speed range. Consequently, continuous chip can be observed only at
very low speeds (below 0.5 m/min). The chips formed in Ti 6Al-4V machining looks like
saw tooth with chip being inhomogeneous and shows two regions, shear band with very

large shear strains between the chip segments and a trapezoidal shaped segments body
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with relatively small deformation. Once the shear localization is initiated, the chip topside
looks like saw tooth with each tooth corresponding to a segment.

Many researchers have done extensive studies on the mechanism of chip
formation when machining titanium alloys since the early 1950s using several techniques,
such as high-speed photography, in-situ machining inside a scanning electron microscope
and metallurgical analysis of chips generated in machining. Based on these studies many
models were formulated to describe the mechanism of segmented chip formation in
titanium alloys. In this study, Recht’s thermoplastic shear instability criterion is used to

simulate shear-localized chip formation.

5.2 Mechanism of Shear-L ocalized Chip formation

In machining Titanium alloys, the chips formed are segmented and strain is not
uniformly distributed but is confined to narrow bands between the segments. Wheress, in
the continuous chip formation, the deformation is largely uniform. The sequence of
events leading to shear-localized chip formation in Ti 6Al-4V was described by
Komanduri and Turkovich [11] based on the detailed chip formation studies of video
tapes of low speeds experiments inside the scanning electron microscope, high-speed
movie films at higher cutting speeds and the micrographs of midsection of chips. They
observed the mechanism of chip formation to be invariant with respect to cutting speed.
The mechanism of shear-localized chip formation can be explained based on the Fig. 5.1.
The process can be divided into two basic stages. The first stage involves shear instability
and strain localization in a narrow band in the primary shear zone ahead of the tool. This

narrow band originates from the tool tip ailmost parallel to the cutting velocity vector and
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gradually curves with the concave surface upwards until it meets the free surface. The

shear failure of the chip appears as a crack on the outside while it is a heavily deformed

band inside.

— Rake Angle

WWork Material

4,

5

6

A

Undeformed surfaces

Part of the catastrophically shear failed surface separated
from the following segment due tointense shear

Intense shear band formed due to catastrophic

shear during upsetting stage of the segment being formed
Intensely sheared surface of a segment in contact with the
tool and subsequent sliding on the tool face

Intense localized deformation in the primary shear zone
Machined surface

Fig. 5.1 Description of shear-localized chip formed due to adiabatic
shear localization [26]

The second stage involves upsetting of an inclined wedge of work material by the

advancing tool, with negligible deformation, forming a chip segment. During upsetting of

the chip segment in the primary shear zone ahead of the tool tip, intense shear takes place

at approximately 45 to the cutting direction. This occurs not between the tool face and

chip but between the last segment formed and the one just forming. The initial contact of

the tool face with the segment being formed is very less and it gradually increases as the

upsetting progresses. There is amost no relative motion between the bottom surface of

the chip segment being formed and the tool face until the end of the upsetting stage of the
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segmentation process. The gradual upsetting process slowly pushes the segment formed
previously upwards. The velocity of the chip along the rake face is same as the upsetting
chip until the shear isinitiated and progresses rapidly. Once this occurs, it pushes the chip
segment being formed faster parallel to the shear surface. This will then push the
previous segment formed rather rapidly. Thus the chip velocity along the rake face
fluctuates cyclically. This mechanism of segmented chip formation occurs almost at all
speeds. However, as the cutting speed increases, intense shear in the narrow shear band
occurs so rapidly that contact area between any two segments decreases to a stage that

individual segments of the chip get separated.

5.3 Criterion for Thermo Plastic Shear Instability

Recht in 1964 [12] developed a criterion for the prediction of catastrophic shear
instability in metals under dynamic plastic conditions. Accordingly, shear-localized chip
formation can be attributed to dynamic plastic behavior of the material which is
influenced by internally generated temperature gradients. These gradients are function of
thermo-physical properties of the workmaterial as well as strain rate and shear strength.
Catastrophic shear will occur at a plastically deformed region within a material when the
slope of the true stress-true strain curve becomes zero, i.e. when local rate of change of
temperature has a negative effect on the strength which is equal to or greater than the
positive effect of strain hardening. The criterion for catastrophic shear failure can be

represented as.
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OS%SLO (5.1)

96 de
where 7, & 6 refer to shear stress, shear strain, and temperature, respectively.
Accordingly, material will shear catastrophically when this ratio lies between zero and
one; catastrophic shear will be imminent when this ratio equals one. No catastrophic
shear will occur when this ratio is greater than one. High positive values above one
indicate that strain hardening is predominant and shear deformation will distribute
throughout the material, in which case material will strain harden more than it will
thermal soften. Negative values indicate that material will actually become stronger with
an increase in temperature and that shear deformation will distribute. Thus thermoplastic
shear instability (frequently referred to as adiabatic shear) is a major contributor to chip
segmentation. Just so long as material can withstand shear stress by virtue of its shear
strength, it will remain thermoplastically stable. As stress increases, material strains and
if rate of change of strength matches the rate of change of stress, material will undergo
stable deformation. When instability occurs, the applied stress will be borne by the
remaining (diminishing) strength of the material. And inertial reactions associated with,
accelerate instability, leading to catastrophic shear failure. Recht thus provided the first
explanation for segmented chip formation in machining. Since the fundamental
contributions of Recht, much work has been done on the adiabatic shear band formation,
often in connection with the applications, such as armor penetration and explosive

fragmentation.
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5.4 Metallurgical Aspects of Shear-L ocalized Chip Formation

In metal cutting, the temperatures generated in the primary and secondary
deformation zones can be high enough to cause several changes in the workpiece
material, such as thermal softening, phase transformation, and even grain shape and size
changes. These changes to a certain extent can effect the prediction of optimal cutting
conditions for a given machining operation. Adiabatic shear banding is a phenomenon
observed in machining titanium alloys. The formation of shear-localized chip in titanium
aloys is also accompanied by certain metallurgical changes. Komanduri [26] noted that
during segmented chip formation in titanium alloys, there may be a transition from the
low-temperature hexagonal close packed (HCP) structure to the body centered cubic
(BCC) structure with a corresponding increase in the number of available slip systems.
Accordingly, this phenomenon further localizes the shear strain. This transition in the
crystal structure results primarily from the increase in temperature and this increase can
cause further increase in plastic deformation.

Ti 6Al-4V is an alloy with o+ S structure which consists of lamellar o structure
and intergranular S structure. Bayoumi and Xie [39] conducted metallurgical studies
using a scanning electron microscope (SEM) and an X-ray diffraction studies of both
uncut and machined Ti6Al4V chips. Fig.5.2 shows X-ray diffraction spectra for Ti 6Al-
4V alloy before and after cutting. They compared the spectrum of the chip with uncut
material and found that the peaks corresponding to A-phase structure disappearing after
cutting, indicating that a non-diffusional phase transformation took place in the process

of shear band formation. When the temperature in the chip reaches the Atransus
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temperature of Ti 6Al-4V (which is 980°C) during the cutting process and cools back
from this high temperature, the temperature change along with tremendous cutting
pressure would produce the lamellar o structure from fphase by nucleation and growth.
Accordingly, they concluded that there is only grain change during the phase

transformation and no chemical change.

I | (Ti-pAl-4Y)
2000
[alii ]
.‘? before ecufling
2
m r
g /
é‘muu - T '
T 1 p:kuurj|
-'.-'\.nr |
"'J"'""'PM-IL"'1q..._,-amj||"'uwlh'h\‘lﬁlﬁ-,-
- afler culting —
P

20 40 &0 a0
Diffraction Angle 28 l(deg.)

Fig. 5.2 X-ray diffraction spectrafor chip and uncut material in a
Ti 6A-14V alloy [39]

From the microstructural examination of the chip and uncut Ti 6Al-4V, they
concluded that as both are similar in appearance, the shear-localized chips may be caused

by material flow in shear bands due to adiabatic shear instability.
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CHAPTER 6

FEM SIMULATION OF CHIP SEGMENTATION IN Ti 6Al-4V

6 .1 Introduction

One of the state-of-art efforts in manufacturing engineering is the finite element
simulation of the metal cutting process. These simulations would have great value in
increasing our understanding of the metal cutting process and reducing the number of
trial and error experiments, which traditionally was the approach used for tool design,
process selection, machinability evaluations, chip formation and chip breakage
investigations. Compared to empirical and analytical methods, finite element methods
used in the analysis of chip formation has advantages in several respects, such as
developing material models that can handle material properties as a function of strain,
strain rate and temperature. The tool-chip interaction can be modeled as sticking and
sliding; and non-linear geometric boundaries such as the free surface of the chip can be
represented and used. In addition to the global variables, such as cutting force, thrust
force and chip geometry; the local variables such as stress, temperature distributions, can
also be obtained.

As mentioned in the literature review, very limited work has been done on FEM
simulation of titanium alloys. Qualitative analysis of such simulations seems to suffer

with lack of accurate material model to describe the material behavior of titanium alloys
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under high temperature, high strain and high strain rates. Also, most of the simulations
lack appropriate failure criterion to simulate shear-localized chip formation. Further, most
of the simulations were performed for high-speed machining while in titanium alloys
segmented chip is found to occur even at very low speeds. In this study, Johnson-Cook
material model is used to represent material behavior as a function of strain, strain rate,
and temperature; Recht’s catastrophic shear failure criterion is used for chip segmentation
and a commercial, general-purpose FE software, AdvantEdge is used to simulate
orthogonal metal cutting of Ti 6Al-4V under various machining conditions.

AdvantEdge  machining modeling software is a two-dimensional central

difference explicit finite element code using a Lagrangian mesh. The material model of
the software accounts for elastic-plastic strains, strain rates and temperature. It has an
isotropic power law for strain hardening and as the material flow properties are
temperature dependent it also accounts for thermal softening. A staggered method for
coupled transient mechanical and heat transfer analyses is utilized. A six-node quadratic
triangular element with three quadrature points is used. This software also features

adaptive remeshing option to alleviate mesh distortion.

6.2 Material Constitutive M odel

The flow stress or instantaneous yield strength at which work material starts to
deform plastically is mostly influenced by temperature, strain, and strain rate. The
constitutive model proposed by Johnson and Cook describes the flow stress of a material
as a product of strain, strain rate, and temperature that are individually determined by the

following equation:
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o =[A+B(&)"|[1+CIn( é* M[1+(T)™ (6.1)

where o is the effective stress, ¢ is the effective plastic strain, ¢ is the normalized

effective plastic strain rate, n is the work hardening exponent, m is the thermal softening
exponent and A, B, C and m are constants [9]. It may be noted that formulation of

Johnson-Cook model is empirically based. The expression in the first set of brackets

gives the stress as a function of strain for £ =1.0and T'=0.The expressions in the second
and third sets of brackets represent the effects of strain rate and temperature, respectively.
The parameter A is in fact the initial yield strength of the material at room temperature at
astrainrate of 1 s*. The non-dimensional parameter T is defined as

T = (T' Troom)/ (Tmelt' Troom) (62)

where T is the current temperature, Troom IS the ambient temperature and Tye: IS the
melting temperature. Temperature term in this model reduces the flow stress to zero at

the melting temperature of the workmaterial, leaving the constitutive model with no

temperature effects. The non-dimensional normalized effective plastic strain rate ¢ isthe
ratio of the effective plastic strain rate £ to the reference strain rate £ (usually equal to
1.0). In general, the parameters A, B, C, n and m are fitted to the data obtained by several
mechanical tests conducted a low strains and strain rates as well as split Hopkinson
pressure bar (SHPB) tests and ballistic impact tests. Johnson-Cook model provides good
fit for strain hardening behavior of the metals. It is numerically robust and can be easily

used in finite element simulation models.
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6.3 Formulation of Recht’s Catastrophic Shear Failure Criterion

Perhaps the first criterion for shear localization was developed by Recht [12].
According to this criterion, shear instability was predicted to occur when the rate of strain
hardening of the material is balanced by thermal softening. This indicates that when an
increase in shear strain is associated with a decrease in shear stress, the strain hardening

slope would become negative:

dr dz _dr oz dT

dy dy oy JdT dy
The criterion R can be written as follows:
0T
R and 0: R: 1 (6.4)
-0T dl
aT dy

where 7,yand T represent shear stress, shear strain and temperature respectively. When
R is equal to zero, instability starts and when R is equal to one catastrophic shear failure
occurs.

The numerator and denominator terms of R are derived from Johnson-Cook flow stress

equation:

E:(A+ B(Z)“) 1+C|n—; [1—TT__TT ) (6.5)
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where A, B, C, n, m are constants. T is the current temperature, T, is the ambient
temperature, Tr, is the melt temperature. ¢ is the strain, Z is the effective plastic strain

rate and £° is the reference plastic strain rate.

The shear stress 7 and the shear strain 7 can be expressed in terms of strain and strain

rate as follows;

- o -
T=— and =3 6.6
73 Y (6.6)
Substituting the Equation 6.6 into Equation 6.5, we get
-1 7Y P T-T
T=—|A+B|= 1+Cln[ — |[|1-]| m— 6.7
0

The partial differentiation of Equation 6.7 with respect to the shear strainy gives the

strain hardening term % as
/4

a;_n_Bin_l i _ T_Tr X
a_}_ls[ﬁ] ]1+Cln = [1 [—Tm—TrH 6.8)

while the partial differentiation of Equation 6.8 with respect to temperature T gives the

thermal softening term g—_lr_ as
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The second term in the denominator of Recht’s criterion ? is the rate of change of
/4

temperature with strain in the catastrophic shear zone. Recht developed a model [12] to
determine the temperature gradient with strain. According to this model, the zone in Fig.
6.1 with unit area A and unit thickness T is assumed to be the weakest zone within the

length L of the specimen. Catastrophic shear is achieved by applying a constant rate of

average strain % high enough to produce catastrophic slip in this zone and when this is

achieved, this shear zone will remain thin and it can be seen that plastic deformation is
confined to thisregion. Since this zone is very thin, it is assumed to be a plane of uniform
heat generation.

_
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Fig. 6.1 Model used for determination of temperature gradient with
strain in catastrophic shear zone [12]

Thus the heat generation rate over the unit area A is given by
=y

W

where q is the heat generation rate per unit area, t is the shear strength in the weak zone,

gq= (6.20)

L isthe specimen length, ;/ is the average shear strain rate equal to % and W isthe work

equivalent of heat. Using Carslaw and Jaeger’s solution for the temperature on a plane in
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an infinite medium at constant heat generation, the instantaneous temperature T4 on unit

areaAisgiven as

- :ryLy t

TTIR pers (6.11)

where 7, istheinitial shear yield strength, t is the time, x is the thermal conductivity, C

is the specific heat and p is the specific weight.

Differentiating the above equation with respect to timet, gives

_lryLy 1

dT, =
2 W \ zxpCt

dt (6.12)

dy -
a7

where y isthe unit shear strainand y, istheinitial yield strain.

But, for condtant strainrate, y=yt+y, and

Substituting these two in Equation 6.12, we get,

dT, _17,k y (6.13)
dy 2 W |zxpeCly-7,)

Substituting Equations 6.8, 6.9 and 6.13 in Equation 6.4, will give the following equation

which can be used to formulate the Recht’ s criterion into the UMAT code.
— n-1 m

nB( y T-T

il VA 1—

3|3 T,-T,

_ ~ m . .

N DU (720 O 2
Ne B T-T\T.-T. | ||2 W {mpcl-7,)

For each integration point of the element of workpiece mesh, Recht criterion is

(6.14)

evaluated. When Recht criterion is satisfied by all the integration points of the element,
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the stress state of all these integration points is made zero. The code of the element is
stored in atemporary file. All these coded (listed) elements are then deleted and then the
border of the workpiece is extracted and smoothed. This smoothing operation reduces the
loss of volume in the workpiece determined by element deletion and helps in the
convergence of FEM solver. A new mesh is generated and the interpolation gives the new
elements of the mesh the corrected properties.

Using C, a program is developed and the values of Recht’s criterion R is
calculated for a particular value of strain, varying the values of strain rates and
temperatures. Figs. 6.2 (a) and (b) show the variation of R with temperatures and strain

rates for strains 3 and 4 respectively.

0 200 400 600 800 1000 1200 1400 1600
Temperature (C)

Fig. 6.2 Variation of Recht’s criterion value (R) with temperature for
Ti 6AIl-4V alloy at different strain rates and a strain of 3.
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Fig. 6.3 Variation of Recht’s criterion value (R) with temperature for
Ti 6AIl-4V alloy at different strain rates and a strain of 4.

6.4 Stress Update Algorithm

A user subroutine code UMAT is generally used to define the mechanical
congtitutive behavior of a material and update the solution-dependent state variables. In
this study, Johnson-Cook material model is incorporated along with Recht’s catastrophic
shear failure criterion into the UMAT subroutine. Tool-workpiece system is considered
as generalized plane strain case for an elastic/plastic material with isotropic hardening.
Stress update algorithm is called for each integration point within an element and the
result of thisupdate is finally extrapolated on to the nodes.

The center of the yield surface in the deviatoric stress space is given by the tensor
o, which has the initial values of zero. The stress difference, ¢, is the stress measured
from the center of the yield surface and is given by

{=Sa (6.15)
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where Sisthe deviatoric part of the stress.

The von Mises yield surface isa cylinder in deviatoric stress space with a radius of

R =. =o' (6.16)

where ¢ ' isthe flow stress for the i" time step.

It is updated for each iteration using Johnson-Cook material model. The normal to the

Mises yield surface can be written as

B

The strain rate can be divided into elastic and plastic part using an additive

decomposition

=g g (6.18)

The plastic part of the strain rate is given by a normality condition

e? =yQ (6.19)
where ¥ is scalar multiplier which has to be determined.

The equivalent plastic strain rateisrelated to by

e =2y (6.20)

H' = P (6.21)
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where E isthe elastic part of Young's modulus and Epi isthe plastic part of the Young's

modulus.
Trace of the strain rate increments is computed as

tr(d) =d*u +d*» +d*x (6.22)
A trial elastic stress is computed for each time step as

0" raw = 0y + A tr(d)*+ (d) (6.23)

where the subscripts old and new refer to the beginning and end of the increment,
respectively; 4 and 2u are the Lame’s constants for the material [41]. If the trial stress
does not exceed the yield stress, the new stress is set equals to the trial stress. If the yield
stress is exceeded, plasticity occurs in the increment. Then the incremental analogs of the

rate equation iswritten as

O-i new — O-i newmélI - ZﬂA}/IQI (624)
z‘pl new ZEpI old +\/§A}/ (625)

Iterations for radial return algorithm in the i time step begin with the computation of
deviatoric stress from trial stress state. Hydrostatic stress term is deducted from the

directional stresstermsto get deviatoric stress state.

. O, i(tr)a itrial i(tr) i
P = Im 2 Im S =0, — Plalm (626)

The value of increment in equivalent plastic strain Ay is used in the incremental

equations to determinec ., and e new fOr €ach time step [41] where Ay for the i" step is

given by
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This algorithm used for numerical integration is often referred to as radial return

( e S new);— R (6.27)

algorithm because the correction to the trial stress under the active plastic loading
condition returns the stress state to the yield surface along the direction defined by the
vector from the center of the yield surface to the elastic trial stress. Thus, using the above
procedure, stress state and solution dependent variables are updated for each time step.
Finally, it may be noted that implementation of the Recht’s criterion for shear
failure and the derivation of its equations from Johnson-Cook material model and
applying it into the user subroutine code UMAT was conducted jointly with Mr.
Dhananjay Joshi and Mr. Parag Konde. The author acknowledges their valuable

contributions.
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CHAPTER 7

RESULTSAND DISCUSSION

The main objective of thisinvestigation isto study shear-localized chip formation
in machining Ti 6AIl-4V by conducting finite element simulations under different cutting
conditions using commercial simulation software, AdvantEdge™. For this a user material
subroutine (UMAT) containing Johnson-Cook material model to represent material
behavior under different cutting conditions and Recht’s criterion for catastrophic shear
failure is developed. Validation of the cutting forces and chip morphology is done with

experimental results obtained from the literature.

7.1 Process M odel and M aterial Properties

In the finite element simulations of Ti 6Al-4V machining using AdvantEdge™
the following conventions are followed:
1) The tool is assumed stationary while the workpiece moves at the cutting
velocity.

2) Therake and clearance angles are shown with their normal conventions.



3)

4)

5)

6)

7)

8)

9)

Workpiece is considered as an elastic-plastic material, material properties are
assigned to it rather than selecting the standard workpiece material properties
from the AdvantEdge™ software library.

Tool material is selected from the standard tool material library of the
software. In this study, general carbide tool is considered and it is a rigid-
elastic tool.

A constant coefficient of friction (0.3) is used for tool-chip interface.
Adiabatic temperature boundary conditions are assumed and steady state heat
transfer analysis is considered.

Depth of cut and cutting speed are constants for the simulation.

Effect of cutting fluids is not considered in the simulations.

High mesh density is considered in the region of workpiece and tool contact.

Fig.7.1 shows the initial mesh for workpiece-tool system.

10) Adaptive remeshing option is utilized to alleviate the excessively deformed

workpiece mesh.

A Lawrence Livermore National Laboratory (LLNL) report [9] described the
studies of the deformation and failure behavior of Ti 6AI-4V alloy. Data were obtained
for those studies at high strain rates of 10>-10* s* and large strains using split Hopkinson
pressure bar technique. Accordingly, this and additional data from literature were used to
critically evaluate the ability of the Johnson-Cook material model to represent
deformation and failure response of Ti 6Al-4V under conditions relevant to simulations
of engine containment and the influence of uncontained debris on aircraft structures. The

results of the experimental work reported were used to define a new set of material
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constants for the strength component of the Johnson-Cook model for Ti 6AI-4V and it
was concluded that Johnson-Cook material model accurately represents the stress-strain
response of the material even at high strain rates (>10%-10* s%). The Johnson-Cook
parameters for Ti 6Al-4V used in these simulations in (Table 7.1) were taken from this
report. Figs. 7.2 and 7.3 show plots from the Johnson-Cook material parameters of true
stress-true strain for different values of temperature and variation of true stress with

temperature for different values of strains, respectively.
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Fig. 7.1 Workpiece-tool system used for FEM simulations showing initial mesh.

Table 7.1 Physical properties of Ti 6AI-4V [9, 43]

Density (Kg/m®) 4428.8
Rockwell C hardness 36
Elastic modulus (GPa) 113.8
Poissons ratio 0.342
Ultimate tensile strength (MPa) 950
Yield tensile strength (MPa) 880
Thermal conductivity (W/m.K) 6.785
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Heat capacity (JKg.K) 526.3
Coefficient of thermal expansion (10°/ K) 8.6
Melting temperature range ( C) 1604-1650

Table 7.2 Johnson-Cook material properties for Ti 6AI-4V [9]

A B C n m - Room Melting
(GPa) | (GPa) €o Temperature | Temperature
(/s) (C) (9
1.098 1.092 | 0014 | 093 | 1.1 | 0.00001 20.0 1605
1800 20 P
100 \
©
< 500
% 1200 //% \ //
g 600 b —
. 1(3{)0X
300 ¥ XX
— T . | . [ .Y
0 1 2 3 4 5
True Strain

Fig. 7.2 True stress-strain curves of Ti 6Al-4V alloy based on Johnson-
Cook material model in the temperature range of 20 to 1600 C
at astrain rate of 1x 10" s™.
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Fig. 7.3 The variation of True stress as a function of temperature for
Ti 6Al-4V in the different strain range of 0.005t0 4.0 & a
strain rate of 1x 10* s™.

7.2 Simulation Approach and Cutting Conditions

Finite element simulations were performed at different machining conditions,
such as cutting speed, depth of cut, rake angle, and coefficient of friction to study their
effect on cutting forces, rake face temperature, shear zone temperature, equivalent plastic
strain, frequency of chip segmentation, shear band width, and power consumption. The
combination of the cutting conditions used for a 3 mm length of cut and 1 mm width of
cut can be listed as:

1) For 0.25 mm and 0.5 mm depths of cut and 0" rake angle, the following

cutting speeds are used: 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, and 200
m/min.
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2) For 0.5 mm depth of cut, 30 m/min cutting speed the following rake angles are
used: -15, 0, 15, 30, 45 .
3) For 0.5 mm depth of cut, 30 m/min cutting speed and 0" rake angle the
following coefficients of friction are used: 0.3, 0.5, 0.7, and 0.9.
In addition to these, the following simulations are performed to validate cutting
forces and chip morphology with the experimental results available in the literature:
1) For 200 m/min cutting speed and O rake angle, the following depths of cut are
used: 0.02, 0.05, 0.075, and 0.1mm
2) For 15 rake angle three different cutting speeds of 60, 120 and 240 m/min are
used and for each speed, simulations are conducted for two different depths of
cut of 0.127 and 0.35 mm.
3) For -6 rake angle and 180 m/min cutting speed four different simulations are
performed at depths of cut of 0.04, 0.06, 0.08 and 1.0 mm.
For all these simulations, workpiece, cutting conditions, tool dimensions and
adaptive mesh options used are listed in Tables 7.3, 7.4 and 7.5.

Table 7.3 Cutting conditions used for FEM simulations

Workpiece length (mm) 10
Workpiece height (mm) 2
Width of cut (mm) 1
Length of cut (mm) 3
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Table 7.4 Tool dimensions used in FEM simulations

Relief angle 5
Rake length (mm) 2
Relief length (mm) 2
Cutting edge radius 0.05

Table 7.5 Adaptive mesh options input to the FEM software

Mesh refinement factor 8
Mesh coarsening factor 1
Maximum element size (mm) 0.1
Minimum element size (mm) 0.02

7.3 Observations of Chip Formation Process

From metallurgical point of view, Ti 6Al-4V alloy at room temperature has an
h.c.p. lattice structure with limited number of slip systems. With increase in temperature,
it undergoes an allotropic transformation from a h.c.p. to a b.c.c. structure. The b.c.c.
structure has more number of slip systems and this allows more deformation locally
wherever the structure has changed to b.c.c. This plastic deformation localizes in a
narrow band in primary shear zone due to poor thermal properties of this alloy. With this

localized deformation in a narrow band, the heat generated concentrates in this region
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leading to increase in temperature. If this local increase in temperature is high enough to
cause allotropic transformation, considerable additional slip can occur. This process in
turn causes additional heat. Such a mechanism causes the shear localization and leads to
instability. This catastrophic shear instability leads to shear-localized chip formation
when machining Ti 6Al-4V alloy. The thermoplastic shear instability and adiabatic shear
failure in Ti 6Al-4V can be attributed to its poor thermal properties.

While during the machining process, workpiece undergoes tremendous plastic
deformation and majority of this deformation occurs in the primary deformation zone.
Workmaterial in front of the tool tip and rake face experiences very large compressive
stresses, which may be well over yield strength of the material. This leads to plastic
instability in the workpiece and shear strain gradually increases in the primary
deformation zone leading to strain hardening. Most of the energy expended in the plastic
deformation generates heat leading to increase in temperature which softens the material
in primary deformation zone. As this machining process involves high strain rates, very
small amount of heat transfer occurs between workpiece and the tool due to very short
time of deformation. In addition to this, due to low thermal conductivity of Ti 6Al-4V
aloy, high temperatures are localized in some region of primary shear zone leading to
further thermal softening of the material in this region. The instability then takes place in
anarrow band in primary shear zone where material strength has dwindled due to further
thermal softening. Shear strains in the zones of instability are much higher than in the
segments dividing this shear localized zones. Thus this inhomogeneous strain distribution
causes adiabatic pure shear leading to shear-localized chip formation during machining

process. Fig.7.4 (@) to (j) shows equivalent plastic strain plots at various stages of chip
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segmentation in Ti 6Al-4V alloy simulated at 30 m/min speed and 0.5 mm depth of cut
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Fig. 7.4V arious stages of shear-localized chip formation in machining
simulation of Ti 6Al-4V conducted at 30 m/min cutting speed
and 0.5 mm depth of cut for -15 rake angle showing equivalent
plastic strain localization in narrow shear bands.

The mechanism involved in the shear-localized chip formation as seen from these
pictures closely resemble the schematic diagrams of the sequence of events leading to
cyclic chip formation when machining Ti 6AIl-4V as described by Komanduri and von
Turkovich [11] based on the experimental studies. In brief, two stages can be seen in

shear-localized chip formation. One stage involves shear instability and strain

localization in a narrow band in the primary shear zone ahead of the tool. The other stage
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involves upsetting of an inclined wedge of work material by advancing tool, with
negligible deformation, forming a chip segment. During first stage of segmented chip
formation as explained by Komanduri [26], it can be seen that the initial contact on the
tool face with the segment being formed is extremely short and the contact length
increases as the upsetting progresses. Also, there is almost no relative motion between the
chip segment being formed and the tool face almost until the end of the upsetting process
of the chip segmentation. The gradual bulging of the chip segment slowly pushes the chip
segment previously formed upwards. The contact between the segment being formed and
the previous segment shifts gradually, starting close to the work surface and moving
towards the tool face. A distinct feature of the process is the periodic development of
narrow shear band with very large strain (~900%) accompanied by rapid shear failure due
to plastic instability. Almost no secondary deformation zone is observed in this case
unlike in continuous chip formation process. This mechanism of shear-localized chip
formation occurs almost at al speeds in case of Ti 6Al-4V alloy. However, as the cutting
speed increases, intense shear in the narrow shear band occurs so rapidly that contact area
between any two segments decreases to a sage that individual segments of the chip get
Separated.
7.4 Temperature and Equivalent Plastic Strain distribution in the chip

Fig.7.5 shows the temperature distribution plot of shear-localized chip in Ti 6Al-
4V aloy machining simulation for 30 mymin cutting speed and 0.5mm depth of cut with a
-15 tool rake angle. The temperature rise is observed to be moderate (~800°C) during the
formation of most of the segment because of the low strains involved during upsetting

process. However, the temperature rise in the shear failure layer is substantially higher as
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the shear strain in this layer is larger at least by an order of magnitude or more.
Temperatures as high as 1400 C are noticed in the narrow shear band of the segmented
chip and below 100°C in most part of the bulk material of the workpiece. This can be
accounted for the poor thermal conductivity of the workpiece material. As high
temperatures are seen in the chip than in the bulk of the workpiece material, it can be
concluded that most of the heat is carried away by the chips. However, in al the finite
element simulations conducted in this investigation, it is observed that high temperatures
from the narrow shear band diffuse very rapidly into the bulk material between the chip

segments, which in turn is carried away by the chips.
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Fig. 7.5 Temperature distribution in the shear-localized chip formation obtained
from FEM simulation of machining Ti 6Al-4V at a cutting speed of 30
m/min and a depth of cut of 0.5mm for a-15 rake angle.
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Fig.7.6 shows that segments are separated by intense narrow shear bands with
high shear strain (>500%) concentrated in the bands and very low strain values (<100%)
in the bulk material of the chip segments. Strain localization is clearly observed to start at
the tool tip and proceed towards the free end of the workpiece along the shear plane. In

addition, intense shear region is seen at the underside of the chip close to the tool face.
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Fig. 7.6 Animation of equivalent plastic strain distribution in the shear-localized
chip formation from FEM simulation of machining Ti 6Al-4V a a
cutting speed of 30m/min and a depth of cut of 0.5 mm for a
-15 rake angle.
This is not actually due to secondary deformation as in the case of continuous chip
formation but due to intense shear in a narrow band formed during the upsetting stage of

the segment being formed and the one before it [26]. However, this region is relatively

insignificant in the case of machining of titanium alloys.
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7.5 Effects of Cutting Speed and Feed rate

Figs.7.7 (@) to (j) and Figs.7.8 (a) to (j) show the contour plots of temperature and
equivalent plastic strain of Ti 6Al-4V machining simulations conducted for a length of
cut of 3 mm at cutting speeds varying from10 to 100 nVmin with two different depths of
cut 0.25 and 0.5mm. Rake angle of the tool used in this case is 0. It is observed that as
the cutting speed increases, the width of the adiabatic shear band between the segments
decreases as heat generated in the shear band has less time to diffuse and hence the
number of chip segments increases. In the case of 0.25 mm depth of cut, the number of
segments increase from 5 to 10 for an increase in cutting speed from 10 to 100 m/min
whereas for 0.5 mm depth of cut the increase in the number of segments is from 3 to

7.Chip segmentation at lower velocities is due to weaker thermo-mechanical instability.
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Fig. 7.7 Temperature and equivalent plastic strain contour plots in shear-
localized chips formed in machining simulations of Ti 6AIl-4V
for adepth of cut of 0.25 mm at different cutting speeds varying
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Fig. 7.8 Temperature and equivalent plastic strain contour plotsin shear-localized
chips formed in machining simulations of Ti 6Al-4V for a depth of cut of

0.5 mm at different cutting speeds varying from 10 t0100 m/min using 0’
rake angle tool.

Localization of plastic flow is not so intense as in the case of higher cutting speeds.
Equivalent plastic strain in the shear zone is observed to be dependent on thermo-

mechanical instability.
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Fig. 7.9 Effect of cutting speed on (a) the shear zone temperature and (b) the
rake face temperature for FEM simulations of Ti 6AIl-4V at cutting
speeds from 10 to 100 m/min for two different depths of cut of 0.25
and 0.5 mm.
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Equivalent Plastic Strain in Shear

Zone

Figs.7.10 (a) and (b) show that equivalent plastic strain and strain rate in the shear zone
increases with increase in cutting speed. For a depth of cut of 0.25 mm, the strain rate at
10 m/min cutting speed is ~ 4x10% s and it increases to 18x10° s* when the cutting
gpeed increases to 100 m/min. While the increase in strain rate for a depth of cut of 0.5

mm and cutting speed increase from 10 to 100 nVmin is from 45x10°s* to 34x10°s™.

At the initial stage of cutting, the plastic strains are relatively small and
concentrate around the tool tip in both the chip and the machined surface. As the cutting
process continues, strains increase and spread out into a narrow zone where shear
banding occurs. The maximum value of equivalent plastic strain in a narrow shear band
goes upto 6. As the cutting speed increases from 10 m/min to 100 m/min, the average

value of equivalent plastic strain in shear zone increases by 200%.
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Fig.7.10 Effect of cutting speed on (&) equivalent plastic strain and (b) plastic strain rate for
FEM simulations of Ti 6Al-4V at cutting speeds varying from 10 to 100 mymin
for two different depths of cut of 0.25 and 0.5mm.

Fig.7.9 shows that shear zone temperature increases with the increase in cutting speed as

the heat generated in the shear zone has less time to dissipate. The maximum temperature
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in the shear band reaches ~1400°C. With increase in cutting speed, the chip-tool contact
area reduces and rake face temperature increases. This is because intense heat is
concentrated in this reduced area resulting in high tool temperatures as the cutting speed

increases.

At higher cutting speeds, thermo-mechanical instability isintense and lesswork is
needed for the shear failure. Hence, the value of average cutting force and average thrust
force decreases with the increase in cutting speed as shown in Fig.7.14. In case of
0.25mm depth of cut, average value of the cutting force is observed to decrease from
700N to 500N as the cutting speed increases from 10 to 100m/min; while the decrease is
from 1200N to 900N in case of 0.5mm depth of cut. Cyclic variation of cutting force is
seen from Fig.7.11 with increase during upsetting stage of the chip segmentation and
drastic drop during the shear failure stage. Same variation as cutting force is observed for
power consumption during chip segmentation process. Fig.7.15 (a) shows that the

average value of power consumption increases with the increase in the cutting speed.
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Fig. 7.11 Cutting and thrust force plots with time for finite element simulations
of Ti 6Al-4V for a cutting speed of 30 nVmin and depth of cut of 0.5 mm
using different rake angles of -15, 0, 15, 30 and 45 .

Fig.7.11 shows the dynamic components of cutting and thrust forces for different

rake angles and it is observed for -15 rake angle that the cutting force reaches to as high

as 1400 N during upsetting stage of the chip segmentation process and drops to 800 N

during shear failure stage. And as the rake angle varies from -15 to 45 it is observed that

this cyclic variation in the cutting force gradually reduces and for 45 rake angle, it is

almost constant showing the chip form variation from segmented to continuous. It is also
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observed that the dynamic components of cutting and thrust force are not smooth curves.
This is due to serious vibrations that are encountered during Ti 6Al-4V machining which

can be accounted for low elastic modulus of the alloy.

For cutting speeds less than 10 m/min, no shear localization is observed for a depth
of cut of 0.25 mm and a continuous chip is formed. Figs. 7.12 (a) and (b) shows
temperature and equivalent plastic strain plots for finite element simulation of Ti 6Al-4V
at 5 m/min cutting speed and 0.25 mm depth of cut. Whereas for 5 m/min cutting speed
and 0.5 mm depth of cut, shear-localized chip formation is noticed but from Fig. 7.13 it

can be seen that shear localization is not in a narrow band.
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Fig. 7.12 Temperature and equivalent plastic strain contour plots in the chip formed
in machining simulation of Ti 6Al-4V for adepth of cut of 0.25 mm and a
cutting speed of 5 m/min using a0 rake angle tool.
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Fig. 7.13 Temperature and equivalent plastic strain contour plotsin the chip

formed in machining simulation of Ti 6Al-4V for a depth of cut of
0.5 mmand a cutting speed of 5 m/min using a0 rake angle tool.

At very low speeds, thermo-mechanical instability is weak and heat generated in the
shear plane has more time to diffuse. Hence localized increase in temperature necessary
for thermal softening is not available. Therefore from this study, it can be concluded that
the cutting speed for the onset of shear localization is 5 m/min for depth of cut of 0.5 mm
and 10 mymin for depth of cut of 0.25 mm using a O rake angle tool. As Recht’s
thermoplastic shear instability criterion does not simulate shear-localized chip formation
accurately at speeds less than 10 m/min in Ti 6AIl-4V alloys, other mechanisms such
ductile fracture may be responsible for the instability and shear-localized chip formation.
This ductile fracture mechanism is an extremely complex phenomenon dependent on the
microstructure of the material in combination with the stress and strain states developed
during the deformation process. If the crack formed in the primary deformation zone

during the cutting process propagates from the free surface of the workpiece, a segmented

chip is obtained. For a given material, crack initiation and propagétion are very much
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Average Cutting Force (N)

dependent upon the level of the hydrostatic stress, shear stress and maximum principal

stress in the primary deformation zone.

As the effect of cutting speed is observed for two different depths of cut of 0.25
and 0.5 mm, the effect of increase in depth of cut can be seen from the same figures:
Fig.7.7, Fig.7.8, Fig.7.9, Fig.7.10, Fig.7.14, and Fig.7.15. Shear zone temperature and
rake face temperatures increase with the increase in depth of cut. The increase in the
equivalent plastic strain is not so high when compared to increase in strain rate when the
depth of cut is doubled. The average cutting and thrust forces are almost doubled and the

power consumption increases for increase in depth of cut from 0.25 to 0.5 mm.
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Fig. 7.14 Effect of cutting speed on (a) average cutting force and (b)
average thrust force for FEM simulations of Ti 6Al-4V at cutting
gpeeds from 10 to 100 mVymin for two different depths of cut of
0.25 and 0.5 mm, respectively .
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Fig. 7.15 Effect of cutting speed on (@) average power consumption and (b)
number of segments for FEM simulations of Ti 6Al-4V at cutting
gpeeds from 10 to 100 mVymin for two different depths of cut of
0.25 and 0.5 mm, respectively.

Whereas number of segments formed for a given value of speed decrease with the
increase in depth of cut because more time is needed for thermo-mechanical instability to
reach and catastrophic shear failure to occur. As the depth of cut increases from 0.25 mm
to 0.5 mm, the cutting speed for the onset of shear localization decreases from 10 to 5
m/min. The degree of chip segmentation is more at 0.5 mm depth of cut when compared

to that of 0.25 mm.

7.6 Effects of Rake angle

Finite element simulations are performed for 30 m/min cutting speed and 0.5 mm
depth of cut using different rake angles of -15°, 0, 15, 30" and 45 to study the effect of

rake angle on rake face temperature, shear zone temperature, cutting forces, equivalent
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plastic strain, and strain rate. Figs.7.16 (a) to (e) shows the contour plots of temperature
and equivalent plastic strain of segmented chip for different rake angles. It is observed
that as the rake angle increases from -15 to 45, the chip formed varies from segmented
to continuous chip. Use of negative rake angles leads to increase in tool-chip contact area
and higher chip volume. The chip has to be more deformed, requiring more work to be
done on it and more pressure on the tool face. Both of these lead to increase in cutting
forces and heat generation in shear band. Hence, with -15 rake angle, contact area
between any two segments is relatively less leading to deep chip segments are formed
and high strain localization (>600%) is seen in narrow shear bands. Asthe tool rake angle
increases from -15" to 45, Fig.7.17 (a) shows that shear zone temperatures decrease
sharply. This is due to weak thermoplastic instability as strain localization is not
imminent. The cutting force and thrust force decreases with the increase in the rake angle.
For positive rake angle the main force is slightly downward, canceling out some of the
upward force due to friction. In fact, with high positive rake angles we can get downward
force to dominate so that the forces are actually pulling the tool into the workmaterial.
Fig.7.17 (d) shows that, a high positive rake angles, the thrust force is negative. As the
thrust force is needed to keep the tool in the workpiece, when the thrust force becomes
negative, tool is pulled into the workpiece. Also it is observed from the simulation for 45
rake angle that the simulation aborts after a cutting length of 2.0 mm due to tool

penetration into the workmaterial.
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Fig. 7.16 Temperature and equivalent plastic strain contour plotsin chip
segmentation in machining simulations of Ti 6AIl-4V for a
depth of cut of 0.5 mm at a cutting speed of 30 m/min using
different rake anglesof -15, 0, 15, 30 and 45 .
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7.7 Effects of Coefficient of friction

Figs.7.18 (a) to (d) shows that using higher friction coefficients causes stagnation
of the chip in the secondary deformation zone and as the value of friction coefficient
increases, the curvature of the chip decreases. The increase in rake face temperature is
more than increase in the shear zone temperature, which can be seen from Fig.7.19, asthe
value of friction coefficient increases. This is due to high strain gradients in the rake face
region caused by sticking contact of the chip with the tool’s rake face near the tool tip.
From the Fig.7.20 (b) can be seen that as the value of coefficient of friction increases, the
cutting force also increases because of increased resistance due to friction along the tool-
chip interface. However, no appreciable increase in thrust force is noticed. It can be
concluded that with the increase in the value of coefficient of friction, increase in
equivalent plastic strain and temperature in shear zone is observed leading to decrease in

contact between any two segments to a certain extent.
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Fig. 7.18 Temperature and equivalent plastic strain contour plotsin chip
segmentation in machining simulations of Ti 6Al-4V for a depth
of cut of 0.5 mm and cutting speed of 30 nVmin using different
friction coefficients (0.3, 0.5, 0.7, 0.9).
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Fig. 7.20 Effect of friction coefficient on (a) equivalent plastic strain and
(b) average cutting forces for FEM simulations of Ti6AI4V at a
cutting speed 30 m/min and a depth of cut of 0.5 mm.
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7.8 Validation of Simulation Results

Orthogonal machining of Ti 6Al-4V alloy is simulated using 2D explicit
AdvantEdge™ simulation software. However, the material model and failure criterion
available in the software is not used because the failure criterion for chip segmentation
used in the software is based on crack propagation while in the present investigation chip
segmentation occurs due to adiabiatic shear failure. Therefore, Johnson-Cook meaterial
model and Recht’s catastrophic shear failure criterion are incorporated into the software.
Hence, it is necessary to validate the simulations with experimental results in order to
verify the accuracy of the code developed and the reliability of the material model. In this
investigation, only finite element simulations are conducted and as actual machining of
Ti 6Al-4V is not done, the experimental data is taken from the literature review for
validation.

As mentioned in the literature review, Klocke et al. [1] conducted cutting tests of
Ti 6AIl-4V to investigate the influence of cutting parameters on surface integrity
properties with special regard to its transfer to real machining operations. They used a
carbide tool (rake angle and clearance angle of the tool used was 0" and 11°, respectively)
at a cutting velocity of 200 m/min for different feed rates of 0.02, 0.05, 0.075 and 0.1
mm/rev. They measured the average cutting force and average thrust force.

Finite element simulations are performed using these same cutting conditions and
comparisons of the average cutting forces and thrust forces are made with the
experimental results. The values of average cutting and thrust forces of both simulations
and experiments are listed in Table. 7.6. It can be noted that the experimental values of

average cutting and average thrust force are lower than that of the simulation values.

119



While the percentage deviation between simulation and experiment values is less for

medium and high depths of cut, higher values are found for low depths of cut.

Table 7.6 Finite element simulation results and experimental data [1]
of cutting and thrust force with percent deviation

Feed rate 0.02mm/rev

FEM Experiment % Deviation
Cutting force (Fx) in N 50 38 3158
Thrust Force (Fy) in N 28 24 16.67
Feed rate 0.05mm/rev
FEM Experiment % Deviation
Cutting force (Fx) in N 124 118 5.08
Thrust Force (Fy) inN 49 47 4.25
Feed rate 0.075mm/rev
FEM Experiment % Deviation
Cutting force (Fx) in N 155 145 6.89
Thrust Force (Fy) inN 64 59 8.47
Feed rate 0.1mm/rev
FEM Experiment % Deviation
Cutting force (Fx) in N 188 178 5.61
Thrust Force (Fy) inN 90 88 2.27

The percentage deviation of both the forces lies within 10% for feed rates 0.05,

0.075 and 0.1mm/rev. For the smallest feed rate used within the test series, 0.02mm/rev,

the percentage deviation rises to about 30% which demonstrates that for simulations

related to small feed rates a new improved modeling approach is needed.
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Fig. 7.21 FEM and experimental results [1] of cutting and thrust force
compared for feed rates 0.02, 0.05, 0.075, 0.1mm/rev
Fig.7.21 compares cutting forces F, and F, from finite element simulations and measured
cutting forces for arange of feed rates from 0.02 to 0.1mm/rev.

As mentioned in the literature review, Shivpuri et al. [21] studied shear-localized
chip formation in Ti 6Al-4V using finite element simulations and turning experiments.
Finite element simulations were conducted using a commercial software, DEFORM
2D™ while turning experiments were conducted on a CNC turning center at cutting
speeds of 60, 120 and 240 m/min, feeds of 0.127 and 0.35 mm/rev and a depth of cut of
2.54 mm. In this investigation, finite element simulations are performed for the above
mentioned cutting conditions and a comparison of cutting forces was made with their
experimental data. The values of the cutting forces are listed in Table.7.7 and a
comparison with experimental data is shown in Fig.7.22. It is observed that the maximum
percent deviation in force magnitudes between experimental data and simulated valuesis

~12.5%. This percent deviation is in the acceptable range providing a good validation for
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the FEM model. Thus, it can be concluded that the above two validations of cutting

forces with satisfactory accuracy validates the numerical model used in this study.

Table 7.7 Finite element results and experimental data [21] for cutting force with percent

deviation

Feed rate 0.127mm/rev

Cutting speed (m/min)

Average Cutting force (N/mm)

Experiment FEM Per cent Deviation
60 240 270 12.50
120 230 255 10.86
240 ---- s

Feed rate 0.350mm/rev

Cutting speed (m/min)

Average Cutting force (N/mm)

Experiment FEM Per cent Deviation
60 610 660 8.19
120 600 640 6.67
240 590 625 5.93
700 :
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Fig. 7.22 Results of cutting forces obtained from FEM simulations
compared with experimental data [21] for feed rates 0.127
and 0.35 mm/rev.

As mentioned in the literature review, Barry et al. [29] conducted orthogonal

machining tests to investigate the mechanisms of shear-localized chip formation in the
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machining of Ti 6AI-4V alloy at different cutting speeds (15, 30, 60, 120, 180 m/min)
and feed rates (0.02, 0.04, 0.06, 0.08 and 0.1 mm/rev). The main feature in their study
was the use of acoustic emission (AE) to elucidate the phenomena occurring within the
chip formation zone(s). Finite element simulations are conducted in the present
investigation with a cutting speed of 180 m/min and depths of cut of 0.04, 0.06, 0.08 and
0.1 mm with all other machining parameters the same as that used by Barry et al. [29] in
their cutting tests. The chip morphology is compared as shown in the Fig.7.23. All the
chips can be classified as either periodic or aperiodic shear-localized chips. With low
values of depths of cut, such as 0.02 and 0.04 mm, aperiodic shear-localized chips are
produced and an increase in this parameter results in a transition from aperiodic to
periodic shear-localized chip formation. From Fig. 7.23 it can be seen that for a depth of
cut of 0.04 mm shear-localized chip is not formed during the simulation unlike in
machining tests. The reason behind this is for low feed rates of few microns, instability
criterion is weak and strain is evenly distributed in the chip without getting localized in a

narrow shear band.

Depth of cut 0.04 mm
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i

Depth of cut 0.06 mm

Depth of cut 0.1 mm

Fig. 7.23 Results of chip comparison from FEM simulations and
experimental data [29] for 180 m/ymin cutting speed and
depths of cut of 0.04, 0.06, 0.08, and 0.1mm.
Hence, a new improved modeling approach is needed for very low depth of cut
simulations. It can also be noted from Fig.7.23 that the segments in the chip morphology
obtained from the simulations are relatively not sharp and deep when compared with the
experimental ones. This is because in the case of these simulations, when workpiece
material flows around the cutting tool edge, at the tool vicinity elements get distorted and

loose accuracy. In order to alleviate this element distortion, finite element mesh is

updated periodically, refining large elements, remeshing distorted elements and
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coarsening smaller elements. From a comparison from Fig.7.23, a reasonably good
agreement can be seen between finite element simulated chips and the experimental ones.

As mentioned in the literature review, Molinari et al. [28] carried out
experimental analysis of shear localization and chip segmentation in Ti 6Al-4V exploring
cutting speeds in a range from 0.01 to 73 m/s. Chip morphology obtained for a cutting
speed of 1.2 m/s and depth of cut of 0.5 mm from the experimental work of Molinari et
al. [28] is compared with that of the simulation conducted in this study, as shown in
Fig.7.24. It can be seen that the segments are relatively not sharp and deep in case of chip
morphology obtained from the simulation and as mentioned previously, this could be due

to adaptive remeshing and mesh refinement process.

E -
| £ 5 {1
T X
X 4um
. 7 I
A

Fig. 7.24 Results of chip morphlgy fr FEM simulation conducted at
1.2 m/s and 0.5 mm depth of cut compared with that of
experimental data [28]

These validations thus show close agreement of the simulation results with the

experimental data validating the user subroutine developed. Thus, accurate study of

shear-localized chip formation in machining Ti 6Al-4V can be done using this

commercial finite element software AdvantEdge™ along with the incorporated user-

defined subroutine UMAT.
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7.9 Discussion

In this investigation, it was found that shear-localized chips form at low cutting
speeds starting from 10 m/min and below for a depth of cut of 0.25 mm and this type of
chip continues over the conventional cutting speed range. Finite element simulations
were conducted for cutting speeds below 10 m/min at depths of cut of 0.25 and 0.5 mm
using a 0" rake angle tool. No shear localization is observed and continuous chip is
formed in the case of 0.25 mm depth of cut whereas with 0.5 mm depth of cut, shear-
localized chip formation is observed to form at a cutting speed of 5 m/min. However,
using higher depths of cut (>0.5 mm) shear localization can be observed even below 5
m/min cutting speed. At higher cutting speeds, shear localization appears to be due to the
occurrence of thermo-plastic shear instability within the primary shear zone. The nature
of instability, frequently referred to as adiabatic shear, is one in which the rate of thermal
softening exceeds the rate of strain hardening. While true adiabatic shear (no heat loss) is
not possible, the term is frequently used in reference to thermally softened shear zones.
While at very low cutting speeds, strain localization and thermally softened shear zones
are not observed as the high temperatures generated in the primary shear zone have
enough time to diffuse into the chip material. Hence, this instability criterion cannot
explain the formation of shear-localized chip in Ti 6Al-4V for very low cutting speeds.
Komanduri and Hou [25] employed Recht’'s basic model of thermo-plastic shear
instability [12] to calculate the critical cutting speed for the onset of shear-localization in
Ti 6Al-4V. They found that the onset of the critical cutting speed for shear localization is

different for different depths of cut used and for Ti 6AIl-4V it is extremely low
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(~0.42m/min for a depth of cut of 0.2mm). However, at very low cutting speeds, crack
initiation within the primary shear zone might play an important role in chip
segmentation than thermo-plastic instability.

In this study, Recht's catastrophic shear instability criterion is
incorporated into the user subroutine along with Johnson-Cook material model to
simulate shear-localized chip formation in machining Ti 6Al-4V alloy. Validations of the
simulations are done by comparing the cutting forces and chip morphology obtained from
the simulations with that of the experimental data available in the literature. The chip
morphology obtained from simulations show a close resemblance with the chip segments
from the experimental data and the cutting forces also show a close match validating the
code. The mechanism involved in the segmented chip formation is studied with the
simulation results at different time steps and it is observed that two stages are involved,
as originally proposed by Komanduri and von Turkovich [11]. In the first stage, plastic
instability and strain localization occurs in a narrow band in the primary shear zone
leading to catastrophic shear failure. The other stage involves gradual build up of the
segment with negligible deformation by the flattening of the wedge-shaped work material
ahead of the advancing tool.

The effect of cutting speed and feed rate on the chip segmentation is studied and it
is observed that as the cutting speed increases, high strain localization occurs with large
temperatures concentrated in narrow shear bands (due to poor thermal properties of the
work material) leading to strong thermo-plastic instability and increase in the number of
chip segments. Whereas with increase in depth of cut, the chip segments are found to be

deep and sharp and the critical velocity for the onset of chip segmentation is less. By
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varying the rake angles from -15 to 45 with constant speed and depth of cut, change in
chip form from segmented to continuous is observed. And appreciable change in the chip
segments is not observed and with the increase in the coefficient of friction, however the
segments are found to go deep and sharp to certain extent.

Recht’s catastrophic shear failure criterion along with Johnson-Cook material
model was incorporated into user subroutine VUMAT of commercial FEM code
ABAQUS/Explicit. Finite element simulations were carried out using different cutting
speeds and 0.25mm depth of cut with arigid tool. But these finite element simulations
were not successful as these simulations used to hang without running. The reason might
be the temperature increment which was not noticed in the result. Hence, this work is not

discussed in detail in this study.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

In order to overcome the machinability issues associated with machining
Ti6Al4V, an attempt has been made in this study to observe the effect of machining
conditions on the chip formation, rake face and shear zone temperatures and cutting

forces. The following are specific conclusions that may be drawn from this investigation:

1. Anextensive literature review has been made to investigate finite element simulations
of segmented chip formation in machining Ti 6Al-4V alloy. It is observed that most
of the work reported lack proper experimental validations, reliable material model,
accurate failure criterion to simulate the mechanism of chip segmentation and low
speed machining simulations (<10 m/min). And the methodology used by many
researchers using non-commercial FEM codes makes it difficult for end-users.

2. Finite element simulations of orthogonal machining of Ti 6Al-4V alloy are conducted
in this study using acommercial FEM software, AdvantEdge™. This software uses 2-

dimensional, explicit, Lagrangian formulation code with mesh adaptivity and
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adaptive remeshing techniques. However, the material model and failure criterion
used in this software is not applied to simulate shear-localized chip formation.

3. From the literature review, it is found that Johnson-Cook material model accurately
represents the material deformation behavior for high strain rates and high
temperatures and Recht’s catastrophic shear failure criterion explains the proper
mechanism of chip segmentation.

4. AdvantEdge™ has the facility to incorporate user-defined material subroutine
(UMAT). Using this, Johnson-Cook material model and Recht’s catastrophic shear
failure criterion are incorporated into the UMAT subroutine code. This subroutine
code is linked to the main code of the software.

5. Finite element simulations were conducted for a range of cutting speeds (from 10
m/min to 100 m/min) and two different depths of cut (0.25 and 0.5 mm) with constant
coefficient of friction 0.3, depth of cut 1.0 mm and length of cut 3.0 mm. Effect of
cutting speed and depth of cut on chip segmentation is studied. It is observed that as
the cutting speed increases, rake face temperatures, shear zone temperatures,
equivalent plastic strain in the shear zone, plastic strain rate, average cutting force,
average thrust force, and power consumption increases. It is also observed that with
increase in the cutting speed the number of chip segments for a given length of cut
increases.

6. With the depth of cut doubled from 0.25 to 0.5 mm, the values of rake face
temperatures, shear zone temperatures, equivalent plastic strain in shear zone, plastic

strain rate, average cutting force, average thrust force and power consumption also
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10.

show an increase. The chip segments are relatively sharp and deep and the cutting
speed for the onset of chip segmentation decreases with increase in feed rate.

Finite element simulations are also performed for 30 nymin cutting speed, 0.5 mm
depth of cut, 0.3 coefficient of friction, 3 mm length of cut and varying rake angles
from -15" to 45. It is observed that by increasing the rake angle from -15 to 45 the
chip form changes from segmented to continuous chip, the average cutting and thrust

forces, the shear zone temperatures and strains decrease.

The coefficient of friction is varied from 0.3 to 0.9 and the simulations are carried out
for 30 m/min cutting speed and 0.5 mm depth of cut. Rake face temperatures and
cutting forces are observed to increase appreciably. Curvature of the chip is found to
decrease with increase in coefficient of friction due to stagnation of the chip in the
secondary deformation zone. Moreover, the contact between any two segments
decreases to a certain extent.

In this investigation the mechanism of chip segmentation is studied by taking the
snapshots of the chip at different time steps. It is observed that the mechanism is
essentially the same as that described by Komanduri and von Turkovich [11] based
on the experimental studies of machining Ti 6AIl-4V.

The cutting speed for the onset of chip segmentation from this study is found to be
10 and 5 m/min for 0.25 and 0.5 mm depths of cut respectively with a 0" rake angle

tool.
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8.2 Future Work

1. A new ductile failure criterion has to be incorporated into the user subroutine (UMAT)
to simulate the shear-localized chip formation in case of Ti 6AIl-4V for cutting speeds
less than 10 m/min. The crack which determines the shear-localized chip during
cutting always occurs in the primary deformation zone on the free surface of the chip
and propagates toward the tool tip where the maximum principal stress and shear
stress are located. Shear stress in the shear plane and the tensile stress facilitate the
initiation of the crack.

2. Conventional material models used in the finite element simulations, which represent
material deformation behavior under stress, strain and temperature does not determine
flow stress uniquely as they lack estimation of metallurgical phenomenon occurring
in the workpiece material during the metal cutting process as well as previous
deformation history. Yoshino et al. [41] proposed a new flow stress equation for Ti
6AIl-4V alloy which involves a new index of deformation history. The equation is not
only available to arbitrary deformation history but also provides metallurgical
information through a forming process. This flow dress equation appears to be
superior to conventional one as it estimates the effect of recovery in the calculation of
deformation energy. Finite element simulations incorporating this material model
may enable usto study accurately the chip formation process and machinability issues

in machining Ti 6AIl-4V alloy.
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3. The main problems associated with the machining Ti 6Al-4V alloy are lower tool life
and the permissible rates of material removal are low, inspite of the low tool forces. It
is the high temperatures and unfavorable temperature distributions over the rake face
and in the cutting tool that are responsible for this. A typical form of wear in the
cutting tools used in machining titanium alloys is crater wear that forms on the rake
face of the cutting tool at a short distance from the cutting edge. It is believed that
dissolution-diffusion is the main cause for crater wear. Usui et al. [42] derived a
characteristic equation of crater wear theoretically using Shaw’s equation of adhesive
wear. AdvantEdge™ has an inbuilt code to smulate tool wear using finite element
analysis. As Usui’'s tool wear model accurately predicts the crater wear in the tools
used for machining titanium alloys, this model can be incorporated into the user
subroutine code and the wear constants of the model can be determined with the aid
of predicted temperatures on the rake face, stresses on the tool face and measured tool

wear by curve fitting to model the tool wear.
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APPENDI X

User subroutine code (UMAT) incorporating Johnson-Cook material model and Recht’s

catastrophic shear failure criterion with stress updated algorithm.

c
SUBROUTINE MAT USER (sig,dtime, temperature,ql,epsl,d, deps)
c
!DEC$ ATTRIBUTES DLLEXPORT :: MAT USER
implicit real*8 (a-h,o-z2)
c
c Defomation tensor * dtime (strain increment)
c deps(1,1) = Dxx*dtime, deps(1l,2)=Dxy*dtime, deps(2,2)=Dyy*dtime
c
c Material propeties are read from wp.twm file
c
c Researved parameters
c d(2) Densitiy (scaled)
c d(5) lambda (Lame's constant)
c d(e) mu (Lame's constant)
c d(7) SIGMAO (Yield stress)
c d(24)
c User parameters
c d(25) E
c d(26) xnu
c d(27) sigma0
c d(28) epslo
c d(29) A
c d(30) B
c d(31) c
c d(32) dn
c d(33) dm
c d(34) epsldot0 : reference plastic strain
rate
c d(35) epsldotcutoff :cutoff plastic strain
rate
c d(3e6) Tm : Melting Temperature
c d(37) Tr : Room Temperature
c d(38) f : feed rate in m
c d(39) the : thermal conductivity
c d(40) cp : heat capacity
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c

real*8 sig(3,3),dtime,epsl(3,3),d(100),gl(15),deps(3,3)

real*8 temperature
real*8 sigtr(3,3),sigdiv(3,3),q(3,3)

parameter ( zero = 0.d0, one = 1.d0, two = 2.d0, three = 3.d0,
* third = one / three, half = 0.5d0, twothds = two / three,
* op5 = 1.5d0

N

NN
o Ul

d
xnu = d
sigma0 = d(27)
epslo = d(28)
A = d
B = d
c = d
dn = d

d
)

d
d
d
d
d

wwwwN
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dm =
epsldot0= d(34
epsldotcutoff
Tm =
Tr =
f =
thc =
cp =
d2mu = e / ( one + xnu )
d3mu = 1.5 * d2mu
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50

dLambda = d2mu * xnu / ( one -

Initialize plastic work
gl(3)= 0.0d0
deltaLamTotal = 0.0d0

if (gl(1) .le. 0.000001)then

gl(l)= 0.000001
endif
if (gl(4) .1lt. 1) then
gl(4) = 1.0d0
end if
if (temperature.le. Tr) then

temperature= Tr + 1.0d0
endif

epsldotstar = gl(4) / epsldotO

if ( dtime .eq. zero )

Elastic stress increment

tml = dLambda* (deps(1l,1)+deps(2,2)
sigtr(1,1) = sig(1l,1) + d2mu*deps
sigtr(2,2) = sig(2,2) + d2mu*deps
sigtr(3,3) = sig(3,3) + d2mu*deps
sigtr(1,2) = sig(l,2) + d2mu*deps
sigtr(2,1) = sigtr(1,2)

continue

Calculate Deviatoric stress
call umat div_stress(sigtr,sigdiv)
Calculate deviatroic stress norm
sigma e = umat sigdiv_norm(sigdiv)

If plastic strain rate is below cut off,

—~ o~ o~ —~

two * xnu )

(heat generation)

goto 150

+deps (3,3))
1,1)+tml

2,2)+tml
3,3)+tml
1,2)

7

set approximation

to cut off no strain rate hardening will occur

Tstar = (temperature - Tr)/(Tm - Tr)

Yield stress

sigmadC= (A+B*gl (1) **dn) *

dH= (dn*B*gl (1) ** (dn-1)) *
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(1-Tstar**dm) *

(1-Tstar**dm) *

(1L+C*dlog(epsldotstar))

(1L+C*dlog(epsldotstar))
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Q0000
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Strain increment (Radial return method)
denom = d2mu* (1.0d0+dH/ (d3mu))
deltalam =(sigma e-dsgrt(2.0d0/3.0d0)*sigmadC) /denom

i=1i+1
write(6,*),"sigma i",i,dsqrt(1.5d0) *sigma_e

if (deltalam.le.0.0d0 .or. deltalam.lt.l.0e-12) goto 100
Case of plasticity
factor = 1.0d0/sigma_e

g(l,1)= factor*sigdiv(1l,1)
g(2,2)= factor*sigdiv(2,2)
g(3,3)= factor*sigdiv (3, 3)
g(l,2) (1,2)
g(2,1) (1,2)

= factor*sigdiv
= factor*sigdiv

I

I

deltal.amTotal = deltalLamTotal + deltalLam
write(6,*),1i,sigma_e,yield,deltalam,deltalLamTotal

Updated stress

sig(1l,1) = sigtr(1l,1)-deltalam*d2mu*g(1l,1)
sig(2,2) = sigtr(2,2)-deltalam*d2mu*g(2,2)
sig(3,3) = sigtr(3,3)-deltalam*d2mu*g(3,3)
sig(1l,2) = sigtr(l,2)-deltalam*d2mu*g(l,2)
sig(2,1) = sig(1,2)
sigtr(1l,1)=sig(1,1)
sigtr(2,2)=sig(2,2)
sigtr(3,3)=sig(3,3)
sigtr(1,2)=sig(1,2)
sigtr(2,1)=sig(1,2)
goto 50

continue

Plastic strain
gl(1l)=gl(1l) +dsqgrt(2.0d0/3.0d0)*deltalamTotal

Plastic strain rate
gl (4)= deltaLamTotal/dtime
Plastic work rate (heat generation)

gl(3)= deltalamTotal * sigmadC/dtime

Updated stress

sig(1l,1) = sigtr(1,1)
sig(2,2) = sigtr(2,2)
sig(3,3) = sigtr(3,3)
sig(1l,2) = sigtr(1,2)
sig(2,1) = sigtr(1,2)
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For RECHT formulation
tau = sigma0 / dsqgrt(3.0d0)

common terms

constant = 1 / (2 * 4.1868 * dsqrt(3.1428*d(83) *thc*cp))

DNUM = (dn*B /3)*(gl(1l)**(dn-1))* (1- Tstar**dm)

DENOM1 = (1/dsqgrt(3.0d0)) * (A + B * (gl(1l)**dn))

* (- dm/ (temperature - Tr)) * (Tstar**dm)

DENOM2 constant * tau * £ * dsgrt (gl(4)/(gl(1l)- epsl0))

R = -DNUM / ( DENOM1l * DENOM2 )

if(R .gt. 0.0d0 .and. R .1lt. 1.0d0) then

sig(1,1) = 0.d0

sig(2,2) = 0.d0

sig(3,3) = 0.d0

sig(1,2) = 0.d0

sig(2,1) = 0.d0
end if

[eh o o R o R R R o

*

e}

Q

1

1
1
1

50 continue

END SUBROUTINE

double precision function umat_ sigdiv_norm(sigdiv)
Calculate diviatoric stress norm

real*8 sigdiv (3, 3)
real*8 sigma_ norm

sigma norm = sigdiv(1l,1)*sigdiv(1,1)
+sigdiv(2,2) *sigdiv (2, 2)
+sigdiv(3,3) *sigdiv (3, 3)
+2.0d0*sigdiv(1l,2) *sigdiv(1,2)

umat sigdiv_norm = dsqgrt (sigma_ norm)
return

end

SUBROUTINE umat div_stress(sig,sigdiv)

Calculate Deviatoric stress
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real*8 sigdiv(3,3),sig(3,3),pressure

pressure = (sig(1,1)+sig(2,2)+sig(3,3))/3.0d0
sigdiv(1l,1) = sig(l,1)-pressure
sigdiv(2,2) = sig(2,2)-pressure
sigdiv(3,3) = sig(3,3)-pressure
sigdiv(1,2) = sig(1,2)
sigdiv(2,1) = sig(2,1)
return
end

145



VITA
Kareem Syed
Candidate for the Degree of

Master of Science

Thesis: FINITE ELEMENT SIMULATION OF CHIP SEGMENTATION IN
MACHINING A Ti 6Al-4V ALLOY

Major Field: Mechanical Engineering

Biographical:

Education: Received Bachelor of Engineering degree in Mechanical Engineering
(with specialization in Production) from Osmania University, Hyderabad,
India in June 2001. Completed the requirements for the Master of Science
degree with a major in Mechanical and Aerospace Engineering at Oklahoma
State University in December 2004.

Experience: Student intern in Design section, Pulverizer Engineering Department,
Bharat Heavy Electricals Limited, Hyderabad, India, January, 2001-
December, 2001.

Graduate Research Assistant in Mechanical and Aerospace
Engineering Department, Oklahoma State University, Stillwater, Oklahoma,
January, 2002 - present.

Professional Membership: ISME, ASME.



Name: Kareem Syed Date of Degree: December, 2004
Institution: Oklahoma State University Location: Stillwater, Oklahoma

Title of Study: FINITE ELEMENT SIMULATION OF CHIP SEGMENTATION IN
MACHINING A Ti 6Al-4vV ALLOY

Pages in Study: 145 Candidate for the Degree of Master of Science
Major Field: Mechanical Engineering

Scope and Methodology of Study: Ti 6Al-4V, a titanium alloy introduced in 1954, is
considered the workhorse amongst the titanium alloys and is available in all product
forms. It is extensively used in aerospace industry because of its excellent strength-to-
weight ratio maintained at elevated temperatures, fracture resistance characteristics
and exceptional corrosion resistance. The machinability of this alloy is generally
considered to be poor owing to its several inherent properties. It is very reactive
chemically and therefore has a tendency to weld to the cutting tool during machining.
Its low thermal conductivity increases the temperature at the tool/workpiece interface,
which affects the tool life adversely. Additionally, its high strength maintained at
elevated temperature, low modulus of elasticity further impairs its machinability. In
order to overcome the machinability issues associated with machining Ti 6Al-4V, an
attempt has been made in this study to observe the effect of machining conditions on
the chip formation, rake face and shear zone temperatures and cutting forces. To
simulate orthogonal metal cutting of Ti 6Al-4V a commercial, general-purpose FE
code (AdvantEdge™) has been used. AdvantEdge™ has the facility to incorporate
user-defined material subroutine (UMAT). Using this, Johnson-Cook material model
and Recht’s catastrophic shear failure criterion are incorporated into the UMAT
subroutine code.

Findings and Conclusions. Finite element simulations are conducted for a range of
cutting speeds from 10 m/min to 100 m/min using two different depths of cut of 0.25
and 0.5 mm, for different rake angles from -15" to 45 using depth of cut of 0.5 mm
and cutting speed of 30 m/min and for different values of coefficient of friction
ranging from 0.3 to 0.9 using depth of cut of 0.5 mm and cutting speed of 30 m/min.
Results of the simulations are compared with the experimental data and are found to
be in close agreement. Mechanism of chip formation studied from simulations closely
matched with that proposed in the literature. Effect of cutting speed, depth of cut, rake
angles and coefficient of friction on cutting forces, temperature, strains and chip
morphology is studied. Finally, cutting speed for the onset on chip segmentation is
found for two different depths of cut.

Adviser’s Approval: Dr.Ranga Komanduri




	Table of Contents
	List of Tables
	List of Figures
	Chapter I
	Chapter II
	Chapter III
	Chapter IV
	Chapter V
	Chapter VI
	Chapter VII
	Chapter VII
	References
	Appendix
	Vita
	Abstract



