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Abstract

In product manufacture, machining of hard metals such as titanium alloys tends to
produce poor surface quality with accelerated tool wear and low material removal
rate, due to the generation of large cutting forces, excessive workpiece temperatures
and chemical reactivity resulting from high yield stress and low thermal
conductivity. In overcoming these manufacturing challenges, industry practice
upheld by current research identifies significant potential benefits from Thermally-
Assisted Machining (TAM) techniques to improve machinability of titanium-based
alloys whereby the application of localised workpiece heating temporarily reduces
metal hardness at the cutting point and lessens cutting forces. Reduced workpiece
hardness due to localised heating also facilitates higher material removal rate and
extends cutting tool life whilst resulting in better surface finish. Such techniques
under consideration are: heating by laser beam, plasma torch heating and heating by
induction coil. Research investigations recognise that the Laser-Assisted Machining
(LAM) could reduce cutting forces by 30% to 60% and tool wear by 90%. With
Plasma-Assisted Machining cutting forces are reduced by 20% to 40% and enhances
the tool life by 150 times. Additionally, the Induction-Assisted Machining is
observed to reduce cutting force by 36% to 54% while increasing the tool life by
206.

The laser-assisted technique (LAM) is recognised to be more cost-effective
and productive for improving the machinability of titanium alloys than other
localised heating techniques. LAM is a widely-used and growing method for
controlled preheating of workpiece to reduce cutting forces and promote
machinability in metal machining, thereby enhancing manufacturing quality and
productivity. In setting LAM parameters, the current practice typically relies on
trial-and-error approaches. A clear understanding of workpiece thermal behaviour
under laser spot heating is pivotal to developing a systematic basis for determining
required preheating levels and optimised cutting variables for LAM. Moreover, the
intensity of this thermal penetration dictates the potential degree of ‘thermal
softening’ (or increased ductility) achievable in the workpiece, facilitating enhanced
LAM process. In achieving this, the experimental methods are recognised to be
largely impractical, if not tedious, due to the instrumentation limitations and lack of

suitable non-intrusive measuring methods. Conversely, numerical methodologies do



provide precise flexible and cost-effective analytical options, for deriving an
insightful understanding of the transient thermal impact from laser preheating on
rotating workpiece in machining. Therefore, the numerical simulation is required to
study the transient thermal behaviour of a rotating cylinder heated by a laser beam as

a heating source.

The research discussed in this thesis presents an investigation, where a finite-
volume-based numerical simulation is developed through ANSYS/FLUENT solver
for examining the thermal response of a rotating cylinder subjected to localised laser
preheating. The uncertainties thereof could lead to adverse outcomes in product
manufacture, and would negate the potential benefits of this machining method. On
a rotating frame of reference, the numerical model is formulated, considering
transient heat conduction into the cylinder body and the combined convection and
radiation loses from the cylinder surface. Comprehensive parametric analyses and
model validations are carried out to ascertain the accuracy and applicability of the
numerical simulation. Based on neural network principles, a preheating parametric
predictor for LAM is synthesised using steady state temperature data from the model
and incorporating the Levenberg-Marquardt algorithm. This predictive tool is
trained and verified as a practical preheating guide for LAM for a range of operating

conditions.

The findings of this study have multiple benefits in reassuring the industrial
community of using LAM technique in machining hard-to-machine alloys requiring
high cost and cutting time. The experimental data provide significant input for
developing the three-dimensional numerical model, which allows simulating the
transient thermal behaviour of the rotating cylindrical workpiece heated by low-
power laser. The numerical model generates data to obtain laser preheating levels to
achieve required depth of material softening at the workpiece surface before

machining.

In summary, this research examines the practical benefits of localised surface
heating of workpiece material with a laser source to reduce local surface hardness
and improve machinability to overcome machining challenges of hard alloys in the
manufacturing industry. The investigation develops a three-dimensional numerical

simulation of laser preheating on a rotating metal cylinder with experimental



validation for examining the thermal response and to identify the strong correlation
between laser preheating levels and metal cutting parameters, as applied to hard

metal machining processes.
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Chapter 1

Introduction

1.1 General Background

A tremendous growth has been noted in the use of advanced materials for improving
technical efficiency and cost-effectiveness in engineering applications. In complying
with industry needs, high-performance materials are constantly developed to satisfy
superior products quality with extended dimension accuracy and surface finish.
Some applications need to alloys have light-weight, higher strength, and stable
properties at elevated service temperatures and harsh environments. Among many
advanced engineering materials used, titanium alloys are at the forefront of technical
choice for these applications due to their extraordinary material properties that
surpass traditional steel and aluminium alloys (1-3). Some such application
examples are the product design in automotive, aerospace, marine and power
generation industries, where the system efficiency, reliability and fuel economy
largely dependent upon the strength-to-weight ratio of alloys used and their

operating longevity.

Machinability is the term describing the ease or difficulty of the machining
processes of certain engineering materials. Machining (turning, milling, drilling) is
the critical metal shaping operation carried out in many manufacturing facilities in
most economically developed countries. Several references are able to give a clear
picture of the processes of materials machining. This process includes removing
unwanted layers from the material of the workpiece to get the desired shape of
products. According to Sandvik Coromant’s definition (4), there are many hard-to-
machine (HTM) materials because of their high hardness, which ranged between
42 HRC and 65 HRC. Generally, the most demanded alloys classified as HTM are
high-speed steels, Inconel, ceramic, and titanium alloys. In the last decades, the use
of titanium alloys extensively has been increased in two major areas of industrial
fields: corrosion-resistant service and strength-efficient structures, for instance,
aerospace, automotive and medical applications. Titanium and its alloys have
exceptional properties at room and elevated temperatures, such as high specific

strength and superior resistance to fatigue and corrosion.



The cost of machining these alloys components is extremely high, compared to
machining other alloys like aluminum alloy components. That is because of
difficulties encountered during the machining process include tool wear, low metal
removal rates, etc. These difficulties will lead to high cutting temperature, low
machining speed, an elevated level of tool vibration, and short tool life. These
problems are attributed to some undesirable mechanical and thermal properties, for
instance, high hardness, low elasticity modulus, high chemical reactivity, and low
thermal conductivity. Therefore, many research studies have paid special interests in
four topics to overcome the major difficulties that occur in the machining of titanium
alloys. These topics are (i) development of new cutting tool materials, (ii)
improvement of the tool design, (iii) investigation the right combination of cutting
tool, machine tool and cutting parameters, and (iv) development and implementation
of advanced hybrid machining processes e.g cryogenic, cooling and lubrication

systems, and preheating methods.

1.2. Titanium and Titanium Alloys

Ti - titanium is a shiny metal with dark grey colour and was initially discovered in
the eighteenth century by William Gregor, 1791. This metal has been used widely in
the second half of the 20th century. Because titanium is seldom found in high
concentrations and never found in a pure state, therefore, the difficulty in processing
the metal makes it expensive. Titanium has density approximately (60%) of that of
steel or nickel-based alloys, which makes titanium strengthened greatly by alloying
and deformation processing. In addition, this metal has exceptional corrosion
resistant and relative strength advantages which are over competing materials such
as stainless steel and aluminum. Table 1.1 includes the thermal and mechanical
properties of elemental titanium. Therefore, it justifies why titanium and titanium
alloys are a wise selection to be used primarily in several advanced engineering
applications that need materials with extraordinary properties. There are many
alloys-based titanium such as, Ti-64, Ti-6242S, Ti-4.5Al-4.5Mn, and Ti-6Al-7Nb.
Amongst these alloys, the Ti-6Al-4V (one of titanium aluminides alloys) was
covered more than 45 % of usage in various industrial fields because it has
widespread advantages. These excellent properties explain their good workability

and preferential use in many engineering applications.
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Titanium alloys, as with other materials, among the most important and can be
crystallized in various elemental crystal structures. These structures are the
hexagonal close packed (HCP), the body centered cubic (BCC) and the face centered
cubic (FCC) (5, 6). Depending on the number of slip system, plastic deformation
increases from the titanium of structure (HCP) to the titanium of structure (BCC) to
the titanium of structure (FCC). In temperatures below 882 °C, the crystal structure
of titanium will be HCP while the structure transformed to BCC above 882 °C.
According to that, there are four main groups of titanium alloys as follows: alpha (a),
near-alpha, alpha-beta (a- B), and beta (B) (5, 6). Titanium alloys properties are
essentially determined by two factors: the chemical compositions (the percentage of
additive elements) and the microstructure of the alloy. Adding certain elements to
titanium such as Aluminum (Al) and Vanadium (V), alter the phase transformation
temperature, which in turn affects the crystal structure and mechanical properties of
titanium. Based on the alloying condition and possible additive elements, many
categories of titanium alloys have been discovered and around 30 kinds have reached

commercial status.

Titanium alloys offer a unique combinations of exceptional mechanical
properties and superior physical characteristics of high resistance to corrosion,
fatigue and oxidation, underpinning the alloys’ popularity as highly sought-after
lightweight alternative (7, 8). In particular, Ti-6Al-4V alloy is widely utilized as
important components in the aerospace sector for higher ratio of strength-to-weight
and in heat exchangers (9-12) for high temperature and corrosion tolerance.
Chemically inertness and stable physical properties make titanium alloys highly
attractive and biocompatible for producing biomedical implements for diseased bone
replacement, cartilage and spinal fixation (13-17), and in food processing industries.
In producing modern aircraft such as Boeing 787, titanium alloys have become even
more attractive due to their similar thermal expansion coefficients to common
aviation materials of aluminium and graphite (3, 11, 18) with the added benefits of

superior galvanic resistance and excellent creep resistance.



Table 1. 1 Thermal and mechanical properties of elemental titanium (5, 6, 19).

Property Description or value
ﬁ

Density 4510 Kg/m® (0.163 Ib/in.?)

Melting point 1668 °C (3035 °F)

Solidus/liquidus 1725 °C (3135 °F)

Boiling point 3260 °C (5900 °F)

Thermal conductivity 11.4 Wim.K

Specific heat 0.5223 kJ/kg.K

Hardness 70 -74 HRB

Tensile strength 240 MPa

Young’s modulus 120 GPa

1.3 Machinability of Titanium Alloys

Generally, machining process is governed by many various contributing factors
beside mechanical properties. Among the mechanical properties, strength and
hardness have the highest effect on the machinability of alloys, therefore, classified
as the HTM. Machinability of any alloy is ordinarily specified based on several
criteria such as cutting tool life, chip formation, cutting temperature, machining
dynamics, and surface finish of workpiece. The key issues with conventional (dry)
machining of titanium alloys are: (1) cutting edge wear, (2) built-up-edge (BUE), (3)
increasing cutting forces, (4) high-temperature and high pressure on tool, and (5)
vibration cutting tool and holder. These problems occur due to titanium and its
alloys inherent properties, such as low thermal conductivity leading to high cutting
temperature, their chemical reactivity with almost all tool materials at high-
temperature, high hardness at elevated temperature and low modulus of elasticity.
Furthermore, the ability to change the phase of titanium alloys makes the
deformation process more complex. Therefore, more attention has been spent to

overcome these issues by finding suitable solutions.

A group of the experimental studies concerned on finding suitable types of
cutting tools to machine titanium alloys. In these studies, many tool materials have
been used to machining these alloys such as, uncoated and coated cemented carbides
(WC/Co), polycrystalline diamond (PCD), and polycrystalline baron nitride (PCBN)



and cubic-boron-nitride (CBN). The results illustrate a slight improvement in
machining life of the cutting tool and surface integrity of workpiece. Another group
of the studies focuses on the cutting tool cooling strategy such as cryogenic cutting
high-pressure coolant, rotary tool turning, to improve the machinability of titanium
alloys (10, 11, 20). This strategy leads to good prolong tool life with a better surface
finish at various machining parameters (16, 21). On the other hand, in the traditional
machining, the major problem of using massive amounts of cutting fluids has been
ignored, which leads to serious environmental issues as well as health concerns for
the machine operators. Being aware of this, manufacturers worldwide have been
trying to minimise or eliminate the use of liquid coolant during metal cutting. This
gives rise to manufacturers incorporating a limited amount of dry machining into the

manufacturing processes.

The third part of studies is about applying another strategy includes
preheating workpiece before/during cutting process to improve the machinability of
titanium alloys by reducing the cutting pressure. Positive results in terms of the
longer tool life, lower cutting forces, smoother machined surface and increased
material removal rate have been reported when using thermally assisted techniques.
Thermally assisted techniques are divided into three heating methods (22-24):
induction-assisted method, plasma-assisted method, and laser-assisted method. In
this research, more attention to employ the laser-assisted technique to improve

titanium alloys machining.

1.4 Thermally Assisted Machining (TAM)

Improvements in the machinability of hard and HTM materials have been a subject
of interest for the past decades. Several assisting techniques including hot
machining or (TAM) have been proposed and attempted on “hard-to-machine”
materials to ease shear characteristics and thereby to reduce tool wear and enhance
machining speed. TAM is not a new concept and originated out of applications with
low-temperature heat sources (25-28). In 1898 Tilghman (29) filed a US patent to
use electrical resistance for preheating a workpiece during machining. Since then,
many researchers have followed Tilghman approach and investigated many possible

alternatives heat sources such as gas torches, laser beams and plasma arcs, etc.



The concept of TAM is based on the principle that the yield strength and hardness of
materials decrease with the increase of temperature whilst other properties do remain
relatively unaffected. In this, an external heat source is deployed to preheat the
workpiece surface during machining without heating the cutting tool (23, 30-32) as
illustrated by figure 1.1 (33). For any given work material, TAM requires
appropriate control of workpiece temperature to keep cutting forces within an
optimum regime (34), hence to achieve the best surface integrity and extended tool
life (35, 36).

Heat Source
(Gas Torch)

Figure 1. 1 Thermally assisted machining using gas torch as external heating source (33)
with kind permission from Elsevier

The basic requirements identified for TAM of HTM materials are given below (23,
27):

e The external heat source should be localised at the shear zone;

e The heating area should be limited to a small zone;

e Heating method is to be incorporated with a temperature-regulating device;

e Overheating of machined surface is to be avoided to prevent any potential
metallurgical changes to the uncut workpiece;

e External heat source must be of adequate intensity to produce a large heat

output for imparting rapid temperature rise in advance of the cutting point.



1.5 Problem Statement

The dynamic nature of the industry, as well as developments of manufacturing
systems, can and will continue to affect the future of the titanium industry. The
performance of titanium-based alloys machining in terms of dimension accuracy,
good surface finish, and short machining time is defined by their mechanical
properties and machining setup. Improvement of titanium alloys machining is
depended mainly on the overcoming the complexities associated with the inherent
properties of these alloys. LAM has been used for these issues. This method is one
of the various techniques of TAM, which involves many operating parameters. It
has been reported from many studies that there are positive influences of LAM
parameters on the machining of titanium alloys. LAM diffuses laser with high-
power focussed at a small spot on the cutting zone to preheat upstream of tool path

surface during conventional machining.

Rising preheating temperature with laser power causes a decrease the
microhardness at cutting zone, thereby reducing the cutting tool pressure on the
workpiece surface. Subsequently, this leads to a significant reduction in cutting
force and flank wear, thereby increasing cutting tool life. Moreover, the chip
formation during LAM is continuous because of preheating temperature improves
the deformability of workpiece surface layer near to cutting zone (30, 37).
Furthermore, lowering down dynamic cutting forces and hardness near the cutting
surface leads to much smoother machined surface with very few defects such as
material build-up and grain pull-out (38, 39). Thus, LAM effectively improves the

machinability of titanium alloys even at high cutting speed.

According to that, there are two groups of parameters effect on machinability
of these alloys namely, (1) parameters associated with laser and (2) parameters
associated with machining. The first group mainly includes: preheating time, laser
power, laser beam diameter, laser scanning speed, laser beam/cutting tool lead
distance, laser focusing lens/workpiece distance and induction beam/workpiece axis
angle. While the second group mainly consists of feed, depth of cut, cutting speed
and laser-tool lead. Therefore, the selection of appropriate operating in the LAM for
titanium alloys is a big challenge to be controlled, since both thermal and machining

aspects should be considered.



1.6 Significance and Contribution of this Study
Research on improving the machinability of HTM engineering materials have
primarily focused on the application of new types of cooling liquids and cutting tools
as well.  While the existing studies concentrate on the application of TAM
mechanisms in the HTM alloys machining. These studies showed excellent results
in terms of surface finish, cutting tool life, and machining time. Nevertheless, many
aspects of TAM methods especially laser technique are still not understood and need
extensive study. According to that, this present work is a thermal study to investigate
numerically and practically the pre-heating process of Ti-6Al-4V alloy workpiece by
the laser beam. The overall contributions that will result from the research are:
= Emulating the laser assisted pre-heating and establishing a method of
thermography for accurate measurement. The experiment will be conducted
to assess thermal response of Titanium within the applied range of
parameters. This will improve the experimental insight of process and offer a
benchmark for numerical verifications.
= Improving the existing state-of-art in numerical modelling of laser assisted
heating. This urges a better understanding of key parameters, issues related
to the numerical stability and wider range of validation. Finite volume
method is designated as the numerical scheme which is widely and
increasingly applied in commercial solvers.
= Utilising and combining both analyses to predict conditions required for the
best results of LAM where the softening is achieved in the desired vicinities
without exposing micro-structure damage to the remaining areas. Such
prediction could be carried directly through simulation of the given case or
by fitting low-order models (e.g. ANN fitting), for estimation with low-

computational resources.

1.7 Objectives of Research

Due to titanium alloys wide application in many industries and the difficulties during
machining processes, it rarely attracts the interest of researchers. Besides, these
problems also related to the thermal properties like low thermal conductivity, which
discourage the researchers from applying traditional machining as the manufacturing

process for these alloys. The present research work focusses mainly on the



improvement of current cutting methods by adding a cooling system and/or aided
heat to enhance the machining process. This study aims to provide a better
understanding of the improvement of titanium alloys machining. Hence, the detailed

objectives of this study are as follows:

1) To gain a clear understanding of the thermal assisted techniques which have
been used to overcome several difficulties that occurred during traditional
machining of titanium alloys.

2) To develop a three-dimensional (3D) numerical model of a rotating
workpiece subjected to localised laser preheating, where a finite-volume
based numerical simulation using ANSYS/FLUENT solver for examining the
thermal response.

3) To provide unique analytical and practical benefits for applications involving
laser-assisted machining processes.

4) To predict the cutting performance and optimise machining parameters that

would eventually lead to improved machinability and productivity, as well.

1.8 Organization of Thesis
The outline of the thesis is showed in Figure 1.2, which describes the content
covered in the seven chapters that make up the thesis. An overview of each of the
chapters is presented below:

In Chapter 1 (Introduction), the background to the research topic, and the
scope and aims of the research are introduced to justify the reason for undertaking
this research.

In Chapter 2 (Literature Review), the past works are reviewed to
understand the state of the art regarding complexities of titanium alloys machining
and the effects of TAM techniques to reduce these problems. The last part of this
extensive survey is about the thermal behaviour of a rotating cylinder that is heated
by the laser beam.

Chapter 3 (Experimental Methodology), elaborates all details about the
stages of the test rig manufacturing. Additionally, a detailed explanation of the laser
machine, ThermaCAMTM Researcher software, and thermal camera describe in this
chapter. Then, this chapter covers all preparation tests for experiments. Finally, the
experimental results of heating titanium alloy (Ti-6Al-4V) workpiece employing the

methodology



Chapter 4 (Numerical Modelling), covers the numerical method (Finite
Volume Method) and computational fluid dynamics software (FLUENT CFD
Software), that used in the modelling process. Thereafter, the development of a 3D
model of the rotating workpiece, then, validation this model with previous
experimental work, are introduced in detail. Then, a low order estimation explains
by employing machine learning and an artificial neural network (ANN). Finally, use
the developed numerical (CFD) model of the heated rotating workpiece to simulate
various scenarios of heating Ti-6Al-4V workpiece. Followed that, compared the

results of the CFD model with the experimental results presented in Chapter 3.

In Chapter 5 (Results and Discussions), the results of empirical work and
numerical simulation are present with a highlight of important discoveries through

an in-depth comparison between both sets of results in detailed.

In Chapter 6 (Conclusions and Recommendations), the conclusions from
the whole thesis are display with highlight achievement of this research. The last
part of this chapter provides proposals for future research interest in improving
titanium alloys machining. Some selected information required during the study can

be found in the appendices.

The Dissertation

1

Ch. 1 Introduction:
Background and the aims of the research

|

Ch. 2 Literature Review:
e | Problems in titanium alloys machining and thermal behaviour in LAM

1 1

Ch. 3 Experimental Methodology: Ch. 4 Experimental Analysis:
Experimental procedure, test rig Presentation and discussion of the
manufacturing and laser machine experimental results

[ | |
! |

Ch. 5 Numerical Work:
Building CFD model, validation, and comparison numerical data
with experimental results for Ti-6Al-4V workpiece

Ch. 6 Conclusions and Recommendations: <«
Implications of the results and future research directions are also presented

Figure 1. 2 Flow chart of the thesis outline
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Chapter 2

Literature Review

2.1 Introduction

As indicated in Chapter 1, the objective of this literature review is to give a clear
view to understand the machining processes of titanium alloys through over 200
publications. This chapter starts with the problems and difficulties have occurred
during machining of titanium-based alloys. After that, the chapter explains the
effects of thermally assisted machining (TAM) methods on improving the machining
process. Further, this review carries out an extensive survey of recent advances in
methodology and appraises preheating to the TAM techniques that have used for
titanium alloys. Finally, the experimental and numerical previous studies about the

heated rotating workpiece by the laser beam have reviewed and presented.

2.2 Background

In recent decades, an extensive use and increasing demand of components for
titanium alloy manufacturing are witnessed due to steadily developing growth in
applications requiring metal components having high strength, light-weight and
excellent corrosion resistance (1, 21, 40). Due to their extraordinary physical
properties and mechanical stability at elevated temperatures, titanium alloys are
primarily considered for special applications such as, automotive, aerospace,
petroleum refinery and nuclear reactors, etc. (9, 12, 41, 42). However, titanium
alloys are well recognised for being hard-to-machine (HTM), because such alloys
inherently possess low thermal conductivity and elastic modulus, and high chemical
reactivity at elevated temperature (43-45). These properties significantly lead to
increase the manufacturing cost of titanium alloys components compared to other
conventional alloys (41, 46, 47). Low thermal conductivity of titanium alloys
impedes dissipation of heat generated during machining, causing steep rise in tooltip
temperature, hence adversely affecting the tool life, resulting in poor surface finish
and dimensional inaccuracies (1, 20, 48, 49). High chemical reactivity of titanium
alloys tends to rapidly dissolves and degrades the cutting tool during machining to

result chipping and early tool failure. These attributes significantly impair the
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titanium alloy machinability with low production rate and high manufacturing cost
(20, 45, 50).

Under dry conditions, Table 2.1 outlines numerical and experimental studies
involving the machining of titanium alloys for comparative assessment and merit
appraisal of techniques for improving machinability. These studies aptly recognise
titanium-based alloys to be extremely HTM, especially at higher surface speed, even
by latest cutting tools and methods (21, 40). It is observed that poor surface finish
quality is evidently noticeable at rather low machining speeds between 60 m/min to
120 m/min and beyond (51). Such machining issues are attributed to excessive
cutting forces generation at tool tip due to high material hardness that also leads to
elevated workpiece temperatures contributed by lower thermal conductivity of these
materials. Tool chatter arising due to large machining forces leads to rough surface
finish which is further compounded by chemical reactivity due to high cutting
temperatures (41, 45). These effects are exaggerated with increasing cutting speeds,
making it very complex for machining titanium to a precise size and shape at higher
cutting speed (52, 53), hence imposing limits on production economy and efficiency.
Therefore, the present industry trend is to search for effective approaches or methods

for improving machinability of these alloys.

Table 2. 1 Summary of research works on dry machining different alloys using several types
of cutting tools

Author/ Titanium . _ o
Allo Aim of Investigation Outcomes/Findings
Publication o
Chip formation - Rapid flank wear
- Uninterrupted contact
Komanduri mechanism during at/near the cutting tool tip
etal., . turning. - Higher reactivity to most
Ti-6Al-4V tool materials
(54) - High temperature near shear
bands

12



Determine the wear
mechanism during

- Rapid dissolution or chemical
reaction occurs during machining

Hartung et . . o
al. _ titanium alloy turning | process between titanium alloy
’ Ti-6Al-4V machining and two conventional cutting tool
(55) materials including C2 grade
(Carboloy 820) and C3 grade
(Kennametal K68)
Examine the effects of | - During dry machining, four
tool dimensions and shapes of burr were formed, such
machining conditions | as a uniform, roll back , lean back
on and roll back with expanded exit
the burr cross-section | - Roll back phenomena happened
shape during drilling because of the thermal expansion
Dornfeld et due to increasing I(_)ca_l
al. _ temperature at the inside burr face
: Ti-6Al-4V
- During wet machining, there
(44)
three types of burr observed
namely, standard even burr, burrs
with a drill cap, burrs ring shaped
burr
- Depending on the drill types,
smaller burrs are produced by
helical point drill while
Investigate the - The rate of flank wear was
grooved carbide increased rapidly when the feed
cutting tool wear and speed were increased - High
during turning. cutting temperature facilitates
diffusion wear which smoothens
the worn area
Jawaid et al.,
56) Ti-6246 - Higher speed and feed cause

chipping of cutting tool

- A significant increasing in tool
life achieved during dry
machining when the feed and
speed were 0.25 mm/rev and
speed 60 m/min respectively
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Study the influence of
uncoated hard cutting
tools [quality (K10)
microgram] and

- The chip thickness was enlarged
with rising depth of radial cut and
decreasing feed when using
uncoated tool

L6pez de Ti-6Al-4V | coating tools [titanium
lacalle et al., & Inconel | carbide (TiC) and -The development in the cutting
(11) 718 titanium-aluminium tool life was achieved with using
nitride (TIAIN)] with uncoated tools at the range of
milling machining clearance angle from 18° to 20°
parameter_s_on the - The coating material caused a
machinability delay the wear in flank
Experimentally study | - -SYNDITE PCD is the most
. the work quality of the | functional cutting tool due to its
Nabhani . .
TA48 polycrystalline minimum wear rate and better
(57) diamond (SYNDITE) | surface finish
cutting tool in turning
titanium alloy
Investigate wear of - Straight grade cemented
tool and integrity of carbides tool is more convenient
machined surface to machine this type of alloys
. during turning
Che-Haron | Ti-6Al- - Chipping and wear in flank face
2Sn-4Zr- are key reasons for the failure of
(53) 6Mo tools.
- Machined surface contains
austere tearing and plastic
deformation
Investigate the effect - The wear in the flank is not even
of binder of cubic and it dominates the wear of
boron nitride tools binder-less tools.
during high speed
Wang et al., _ milling - The binder-less performed better
8) Ti-6Al-4V during titanium alloys machining
- The optimal machining with use
BCBN tools at depth of cut 0.075
mm, speed 400 m/min, and feed
0.075 mm/rev
Examine the wear - Grooves of micro size appear on
characteristics of cubic | the flank during the initial cutting
Wangetal., Ti-6Al-4V boron nitride tool stage owing to the abrasion
(59) without binder while

milling at high speed

- Workpiece material diffuses
from the tool into chip
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Investigate the surface
integrity during
turning with uncoated

Surface finish is slightly worse at
slower speed, whereas surface
finish improves when the speed

Che-Haron carbide of ISO label rises. - Surface microstructure
Ti-6Al-4V | cutting tools, CNMG | experiences plastic flow and
(60) 120408-883- MR4 and | tearing when the tool fails -
CNMG 120408-890- Machined surface has higher
MR3 hardness than that of original
material
Study the effect - The local wear dominates tool
multilayer CVD- performance
Nouarietal., | coating during end
Ti-6242S milling - Higher speed, lower feed and a
(61) smaller depth of cut give
improved finish of machined
surface
Examine the influence | - The uncoated carbide and CVD-
Che Haron et Ti-6246S of using the alloyed coated carbide tools are better for
al., (62) carbide tools on the titanium alloys milling
end milling
Compare the tool - Faster machining and longer tool
wear, surface finish life with uniform wear in PCD
while using compare to that of uncoated WC-
_ polycrystalline Co - To avoid tool wear, the
Nurul amin diamond (PCD) and allowed speed should be below
etal., Ti-6Al-4V | uncoated tungsten 120 m/min for PCD, while for
(63) carbide-cobalt (WC- WC-Co is up to 40 m/min -
Co) during end milling | Because of the better tool
performance and lesser chatter in
PCD, the surface roughness is
lower.
Jianxin et al., Investigate diffusion The tool wear is accelerated due
Ti-6Al-4Vv | wear during turning to the element diffusion to and
(64) from the chips and tool.
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Study the effect of
end-milling without
and with lubricant on
the deformation zone
depth

- Residual compressive stress
increases with while the speed
rises during dry machining -
Deeper deformation layer and
higher sub-surface twin density

Dargusch et | Grade 2 observed during dry machining
al., ur_1aII(_)yed than machining with lubricant at
(65) -(g;ag:;)r?_i) higher cutting speed (48.3 m/min)
' - Micro-hardness of the machined
surface without lubricant is
increases slightly with the
increase of compressive residual
stresses
Analyse the surface - Better surface with acceptable,
integrity after turning | cracks and tears was achieved at
with coated carbide 95 m/min speed, 0.35 mm/rev
Ibrahim et cutting tools. feed and 0.1 mm cutting depth
al., .
Ti-6Al-av - Higher surface roughness (4.31
(66) pm) at initial machining then
regularly decrease until the
surface become smoother (2.92
pm) at the end.
Understand the chip - At high feed rate and low
formation and machining speed, both the
machining force continuous and segmented chips
Sunetal., generation during are generated due to a static force
67) Ti-6Al-4V turning and a recurring force, respectively
- the slip angle is lower in
continuous chips than that in the
segmented chip
Effect of thermal The cutting temperature and
conductivity of cutting | thermodynamic forces such as
tool material on stress, strain rate, and temperature
alloyed carbide (WC- | gradient, are led to anisotropy of
Co) cutting tools the tool material’s thermal
Abdel-aal et during turning conductivity - The high gradient
al., Ti-6246S of flarlk_ wear was noted at_
machining speed 150 m/min when
(68) cutting with tool without coating -

The flank wear is noted at the
edge of the tool during machining
by coated cutting tool at 125
m/min and 0.2 mm/rev speed and
feed respectively.
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Study the
machinability in term

- Machining forces reduces at the
rise of speed, whereas the force

Fangetal., | TFOAI-AV e e oo atio (cutting | ratio increases
& Inconel
(69) 18 for(?e/thr_ust force) - Increasing feed d
during high speed g Teed cause
turning increasing forces as well as force
ratio
Compare the Ti-6Al- - Ti54M alloy machines better
4V machinability with | than Ti-6Al-4V
Ti54M machinability
during the turning - The lower crater and flank wear
rates are noted easily during
Armendiaet | machining of Ti54M owing to its
al., Ti-6Al-4V microstructure
& Ti54M
(70) - The machining forces of Ti6AI-
4V are larger than those of Ti54M
- In speeds 50 — 60 m/min, both
the titanium alloys showed
adiabatic shear bands during chip
Investigate the effect Both cbatings show decreasing
of single and multi- cutting forces at around 50 m/min
Ozel etal., layered coatings of speed, while, increased near to
Ti-6Al-4V | :BN and TiAIN on 100 m/min speed due to larger
(71) tungsten carbide edge radius, especially in multi-
cutting tools during layer coated tool
turning
Explore the influence | - The decreasing of feed affects
of cutting depth, more substantially than other
(Grade 5) speed, approach angle | variables on the reduction of force
Dassetal., | g0y as well as feed on the | and roughness
(72) (89.75% surface finish and o ) _
Ti) machining forces - On the contrary, increasing
while turning approach angle has a slight effect
on the improvement of surface
finish
Compare the - At higher cutting speeds, PCBN
performance of shows short tool life compared to
polycrystalline cubic the PCD
boron nitride (PCBN)
Honghua et as well as - Non-uniform flank wear
al., TA15 polycrystalline occurred for both two types of
(73) diamond (PCD) in tools

terms of surface finish,
tool wear, wear
morphology and tool
life while milling
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Investigate the
influence of
hemispherical shape of
tool, speed and feed on

- The significant improvement of
surface roughness was achieved
during cutting upward and
downward surface with

Mhamdi et . : .
al. _ the machined surface hemispherical tool compared
’ Ti-6Al-4V | o during milling when machining at the top of
(74) concave surface
- The increment in speed feed
(900 mm/min) leads to increase
the roughness of the surface
Study the - Adhesion wear is appeared very
machinability of two clearly in Ti-5553 machining
titanium alloys during | compared with Ti6Al-4V
three different machining.
operations, such as
face milling, -Machining forces while
interrupted cutting and machining Ti-5553 alloy are
orthogonal milling larger than the forces of Ti6Al-4V
Ugarte et al., Ti-6AI-4V, alloy
(75) & T1-5553 - The cutting temperature for Ti-
5553 alloy was greater than the
temperature for Ti6AI-4V alloy
- Due to higher segmentation and
higher temperature during
machining, the Ti6AI-4V alloy
machinability is greater than those
of Ti-5553 alloy
Study the effect of - The Ti-6Al-4V has higher
microstructure of thermal softening sensitivity than
workpiece material on | that of Ti-555 alloy
tool wear as well as
Nouari etal., | i gajqy | Stability of the turning ;.i:;e to a nodular structure and
: process grains (1 pum) of Ti555, it is
(76) & Ti-555 harder to machine compare to Ti-
6Al-4V alloy
- Adhesive wear is higher during
Ti-6Al-4V machining compare to
that during machining of Ti-555
Examine the effects of | higher speed with positive rake
Balaji et al Grade 2 rake angle, speed and angle leads to reduced forces,
| unalloyed | feed on machining cutting tool wear and temperature
(77) Titanium | forces, temperature
(99.8% Ti) | and chips generation in

turning
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Cotterell et
al.,

(78)

Ti-6Al-4V

Investigate the shear
strain and cutting
temperature during
milling

- The shear strain increased with
cutting speed increases, while,
slight changes in shear strain
noticed with a variation of feed
rate value

- Temperature at cutting zones
increases with increasing cutting
speed

- Increase cross section of the chip
due to increase cutting feed rate
chip section which in turn
increases friction between chip
and tool

Shetty et al.,

(79)

Ti-6Al-4V

Determine optimum
drilling parameters for
the better hole quality
and chip type

- The shape of chip at low cutting
speed is spiral cone with
minimum thickness.

- The size of formation burr was
minimum at reduced cutting speed

- Surface finish was better at high
speed (20 m/min) because of
increased heat generated which is
lead to softening the material of
workpiece at the top layer

Lietal.,,

(80)

Ti-6Al-4V

Study the effect of
deep submillimeter-
scaled texture on the
cutting forces and the
friction properties

- Implanted three types of texture
on rake faces of cutting tools
caused a substantial influence on
the distribution of stress and
therefore affects tool life

As illustrated from Table 2.1, the traditional methods, such as, new design and using

new alloys for cutting tools, have not been enough to improve the machinability for

these alloys in terms of the production cost and manufacturing time. Therefore,

several investigations have been dedicated to the development and implementation

of technological innovations (47, 81) in overcoming operational challenges and

enhance performance capabilities (39). At the forefront of such techniques is TAM,

that increase ductile deformation in the cutting zone (23, 35). In this, the workpiece

surface is heated just before machining and the material temperature is raised to

reduce yield strength locally within the deformation zone at the cutting tool edge,

thus minimising cutting forces (29). TAM process requires operating conditions to
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be managed inside an optimal domain for a certain workpiece material for obtaining
the desired outcome, such as expected surface integrity and extended cutting tool life
(35, 36).

For machining titanium alloys, TAM technique has been attempted with
different heating sources and configurations, namely high-frequency induction coil
(82-85), plasma (86, 87), and laser beam (37, 38, 88-90). These studies have
reported potential improvement in the machinability of titanium-based alloys. This
chapter provides an exhaustive compilation and a detailed review of these
investigations, identifying specific issues related to titanium alloys machining and
the merits of various TAM approaches, including workpiece preheating
before/during the machining. Specific emphasis is placed on the reduction of
machining forces, surface roughness and tool wear. The following section presents a
detailed discussion on the difficulties and issues associated with machining of

titanium-based alloys.

2.3 Machining Difficulties and Issues with Titanium Alloys

Titanium and its alloys have extraordinarily hard mechanical properties and poor
thermal characteristics in maintaining production efficiency and cost-effectiveness.
In a practical sense, titanium machining brings about operational challenges because
of the manufacturing needs to achieve higher cutting speed and material removal rate
(91, 92).

During machining of titanium alloys, excessively large cutting forces are
produced along with vigorous tool chatter due to very high yield stresses of these
alloys, whilst highly elevated tool/workpiece temperatures are generated from
unyielding plastic deformation under low ductility. These interactive effects lead to
poor surface finish, which is adversely affected by increasing cutting speeds and rate
of material removal. Additionally, reduced ability to conduct heat hinders heat
dispersion and creates highly concentrated temperature rise within the cutting zone
and at the tool tip. Consequently, high-temperature chemical reactivity is triggered

at the machining surface whilst the tool tip undergoes burnout reducing tool life (5).

Each property of titanium has different effects on the machinability (5, 41).
Past studies identify that, when machining titanium alloys, the workpiece surface

undergoes work hardening process at the cutting edge, making the material harder
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than normal for the cutting tool. Increased cutting force arising from this effect is
detrimental to the machining process and leads to very high cutting tool wear rate.
Moreover, it has been reported that both compressive and tensile residual stresses
may present on the machined surface in titanium alloys machining (93) depending on
the machining processes. The tensile stresses are not beneficial and should be
minimised while compressive stresses are useful for fortifying fatigue strength (94).

TAM techniques enable to release these in varying degrees.

Upon applying cutting tool pressure, machining processes generate large
cutting forces and strong friction at the tool tip from plastic deformation at the
workpiece-tool contact interface (95). Intense heat is also invariably produced at the
cutting zone, largely from plastic deformation and to a lesser extent by tool tip
friction (72, 96). Cutting forces and heat generation are acutely stronger with
titanium alloys having higher hardness and high-temperature strength (97). It has
been observed that owing to elevated cutting zone temperature, a built-up edge is
formed on cutting tool as a protective layer of workpiece material (98). Thickness of
this layer tends to decrease with increasing cutting speed, causing higher rate of tool
wear. Additionally, high temperature and resulting thermal stresses over workpiece-
tool contact length is a known major reason for micro/macro crack development
along the cutting edge, which is designated as edge depression (99). Figure 2.1
typically illustrates cracks developed at the tool’s cutting edge during machining of

Ti-555 alloy.

WD10 . 9mm 1% 0kV 200um

Figure 2. 1 Cracks at cutting edge after machining Ti-555 alloy on a heavy-duty lathe
machine (76)
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In machining, cutting zone temperature plays a crucial role in determining product
surface quality, manufactured tolerances and tool wear (100). Typically, in
machining, 90% of the work expended on plastic deformation is transformed to heat
creating intense temperature rise within the cutting zone (29). 75 % - 80 % of this
heat is captivated in cutting tool (45, 55) whereas the rest of heat is taken away by
the chips and workpiece. In easy-to-machine materials, chips may remove up to 25
% of the generated cutting heat (101).

Titanium alloys tend to have poor thermal conductivity values (65, 102)
because of the constrained molecular slip in hexagonal crystal microstructure of
these alloys. This naturally hinders the heat diffusion process within the workpiece
and creates highly-concentrated thermal stresses and steep temperature rise in the
cutting zone (6, 65, 79, 103, 104). Affected by elevated temperatures and
compressive stresses the plastic deformation occurring within the primary cutting
region produces adiabatic shear bands (46, 96, 105, 106).

At high cutting speeds, rapidly forming chips would have lesser contact
length with the tool face and somewhat lower friction coefficient. However,
resulting from reduced heat removal by chips (45, 55, 79), the cutting temperature is
significantly elevated over the small interface between the tool face and chips (20,
101). This tends to severely damage the tool cutting edge, as shown in Figure 2.2.
With titanium alloys machining, higher localised tool temperature is a serious and

concerning issue, especially at large cutting speeds.

Imm199kU 426E1 0003-97 8A32162

Figure 2. 2 Damaged cutting tool edge in machining Ti-6Al-4V alloy at speed and feed of
100 m/min and 0.25 mm/rev respectively (56)
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Retention of high yield strength at higher temperature with lower elastic modulus
adversely affects the titanium alloys machinability (53, 92, 103). W.ith such
conditions, cutting tool pressure would deflect the workpiece significantly leading to
tool chatter/vibration and undercut (107, 108), hence creating detrimental effects of
poor surface quality and tolerance. It has also been noted that, under the
compressive force exerted by the tool, high cutting zone temperature would weld
some workpiece material to the tool edge. This welded material is Built-up Edge
(BUE) (84). Figure 2.3 demonstrates the BUE which was generated during
machining titanium alloys with cemented carbide (WC/Co) tools at machining speed
of 60 m/min (98).

Chemical reaction initiates BUE formation at the tool-chip contact zone,
which induces chamfering and chipping of the cutting edge (44, 109). This increases
the cutting forces eventually beginning to deflect the workpiece (109). Therefore,
BUE is regarded as a root cause for producing unacceptable surface finish and poor
dimensional accuracy (42, 70, 110). The development of BUE is influenced by
speed, machining temperature, workpiece material and the tool. A stable BUE plays
the significant role of acting as a protective layer for the cutting edge (24). To the
contrary, an unstable BUE adversely impacts on both the cutting tool and surface
finish. Trent (111) has stated that the BUE reduces the contact length, implying high
cutting temperature and high stress concentration simultaneously occur restricted to a
minor region at the cutting edge (within 0.5 mm) (112). This increases pressure load
on the tool edge while machining of titanium alloys (51). Under limited machining
situations, machining of titanium-based alloys shows no tendency for BUE to form,

depending on the titanium alloy type, see Table 2.2.

BUE

<S8 == 25 26

Figure 2. 3 Build-up Edge (BUE) at cutting tool edge (70)
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Table 2. 2 Machining conditions for no Built-up Edge development

Author/ | Titanium | Cutting Tool Speed Feed Depth | Machining
year Alloy (mm/min) (mm/ of Cut Type
tooth or
mm/rev) (ry
Nurul Uncoated
cemented
Amin _ carbide
AKM, | B | WeiCoand 160 01 10 | Milling
polycrystalline
2007 diamond
(113) (PCD)
cemented .
M. et al & Ti6Al- | carbide 80 0.1 2.0 Turning
2010 (70) | 4 WCICo
Rahman
Rashid Ti- Uncoated
6Cr5Mo- | tungsten 160 0.19 1.0 Turning
R.A. 2012 | SV4AI carbide
(114)
tungsten
carbide
“lag‘gg'ég Ti-6246 | CNMG 100 0.25 2.0 Turning
120408-
(890 & 883)
Ti-6-4
40
MA PVD coated
Ugarte A. (TiAIN-
etal 2012 | Ti-6-4 TiN) 0.15 2.0 Milling
(75) cemented 40
STA carbide
Ti-5553 25
Cubic boron
Wang nitride (CBN)
7G and
o TI-6Al- 350 0.1 0.1 Milli
4V Binderless : : iing
et al. 2005 CBN
(58)
(BCBN)
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On the other hand, it was noted that cutting tools are very rapidly consumed owing
to adhesion between workpiece and the cutting tool while machining of titanium
alloys (53, 102). This is attributed to prevalent wear mechanisms, such as attrition,
dissolution-diffusion and adhesion at contact length between workpiece and cutting
tool face. Tool wearing triggers different types of tool failure (115, 116), as
presented in Figures (2.4 - 2.7). These wear mechanisms do occur due to micro
hardening and topography of material beneath the machined surface in machining of
titanium alloys (116, 117).

(b)

o {71
'ﬁ&?;.\'rl

Figure 2. 5 Delamination of coated cutting tool (WC-Co) in machining Ti-6242S alloy (68)

Coated tools may get delaminated at the cutting edge making it blunt (73, 118), as
illustrated in Figure 2.5, because of incompatibility in thermal expansion coefficients
of coating and tool materials (118, 119). Ezugwu et al. (120) have identified that

poor thermal diffusion leading to higher machining zone temperature is the main
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reason of tool consumption during machining of Ti-6Al-4V. Amalgamation of
increased machining load as well as elevated temperature at upper speeds cause rapid
chipping on tool edge (52, 121, 122), as shown in Figure 2.6. High cutting
temperature also produces adhesion of small morsels of workpiece material on

cutting tool (68, 103), such as depicted in Figures 2.5.

The adhesion erodes the tool flank material, and such effects are accelerated
when the cutting depth and machining speed rise in high speed milling with
PCD/PCBN tools (73). Repetitive adhesion of workpiece material promotes BUE
formation that gradually alters the cutting edge geometry (70). For these reasons, it
is hard to machine titanium alloys with HSS steel cutting tools at speed above 30
m/min and by tungsten carbide tools at above 60 m/min. Ceramic and cubic boron
nitride tools are not appropriate for machining titanium alloys since these react with
titanium alloys (106).

=

Chipping

Figure 2. 6 Adhesion at cutting edge during machining of Ti-6Al-4V alloy (58)
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Figure 2. 7 Wear and adhering workpiece material at rake face while high-speed milling of
Ti-6Al-4V alloy (59)

Titanium alloys react with many cutting tool materials, such as CBN and PCBN at
elevated (cutting) temperatures typically above 500 °C (3, 101). In this thermally-
triggered reaction, the cutting tool material is removed on an atomic scale (68, 123),
producing a Tribochemical wear process. This mechanism can occur as molecular-
mechanical wear or corrosive wear or as a combination of both (99, 102). Such fast
reactivity between workpiece and tool causes smearing, galling and chipping of the
machined surfaces (68, 124) as well as fast cutting tool wear (5), as depicted in
Figure 2.7. Additionally, at elevated cutting temperatures, titanium alloys undergo
oxidation forming compounds (125), while chips may get welded on to the cutting

tool face and machined surface (61, 66, 76, 126), causing machining issues.

Figure 2. 8 Geometrical features of segmented chip formation (127)
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Chip formation in machining is categorised to be (i) continuous chip, (ii) continuous
chip with BUE and (iii) discontinuous chip (3, 128). Chips produced during titanium
machining are observed to be discontinuous or segmented (98), particularly at lesser
speed around 40 m/min (128, 129), as illustrate by Figure 2.8. This is because, with
titanium alloys, the plastic deformation within the primary cutting zone is very
difficult and said to undergo “Catastrophic thermos plastic shear” (70, 101), where
the process is unstable and nonhomogeneous (105) due to extreme material hardness
of these alloys. Consequently, the chip formation occurs with cyclic frequent chip

breakage (105) and increased flank wear.

Figure 2. 9 Types of chip microstructures in conventional machining of titanium (Scale bar
represents 100 um) (129)

Discontinuous chips are observed to have much shorter contact length with
tool face compared to a continuous chip-approximately one third length (5, 51, 54).
Pramanik et al, (42) have stated that the microstructure of titanium alloy determines
the cutting speed at which segmented chip formation would begin. For titanium

alloys, Figure 2.9 illustrates various chip formation shapes/types associated with
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different cutting speeds (54, 70). Discontinuous chips have tendency to induce
fluctuations in cutting forces, especially when alpha-beta alloys are machined (112).
Shivpuri et al (125) have reported that the phenomenon of chip segmentation would
limit the metal removal rates during cutting operation and causes cyclic vibration of

forces.

The self-excited vibration significantly affects the formation of chips as well
as machined surface, which often referred to as chatter (98, 130). The changing
frictional force due to chip flow on tool face generates shear localisation and also
contributes to forced vibration and self-excited chatter (45, 131). These vibrations
can lead to catastrophic tool failure. It has been observed that the tool vibration and
chatter from segmented chip are associated with the thrust components of the cutting
forces and the periodic oscillation during machining (20, 63). Also, the serration
chip intensity increases the fluctuations of cutting forces and induces dynamic
stresses at the cutting tool, triggering high tool wear (51, 132). Chip formation
instability induced by high cutting temperature and the micro-fatigue loading thus
applied on the tool tip are accountable for austere wear in flank and decreased
cutting tool life (133, 134), in titanium alloy machining. These invariably affect the
stability of the cutting edge leading to sub-surface defects and inaccurate dimensions
of the machined surface (107, 120, 135).

In machining hard titanium alloys, extraordinarily high cutting temperatures
are encountered owing to the combined effects of difficult plastic deformation,
segmented chip formation, poor workpiece thermal conductivity and self-induced
tool chatter, resulting in unacceptable machined surface quality and various forms of
cutting tool damage to shorten tool life. All these detrimental effects lead to
machining process inefficiencies and higher manufacturing product cost. The
following section examines the status-quo in methods to increase the machinability
of titanium alloys, based on TAM approaches.

2.4 Thermally Assisted Machining (TAM)
Over the last four decades different techniques have been considered and applied in
overcoming problems associated with surface quality and tool wear during titanium

alloy machining (118). Among these methods, TAM has emerged as a forerunner,
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which involves workpiece preheating with precisely coordinated external heat
sources. This technique was first devised by Tigham in 1889 and since then has
evolved to use heating methods incorporating plasma, laser and induction coil
systems with varying degrees of thermal generation intensities (136).

Conceptually, TAM approach applies localised heating in advance of the
cutting point to soften the workpiece surface layer that reaches cutting tool for
machining (137). The external heating locally improves ductility of workpiece and
reduces forces required for plastic deformation, thus potentially alleviating the
concerning issues of high temperature rise and tool chatter (20, 138, 139). Figure
2.10 schematically shows a TAM configuration, where the heat source position and
power are essentially dependent on machining variables and the distribution of
temperature to be achieved in workpiece. In some cases, instead of the workpiece,
the cutting tool is heated to manage the behaviour of work material (140, 141).

Workpiece Heating
f=4

Source

.

Machine

e i W —

/ Cutting Tool
Heating Zone 'j k Cooling Zone

Figure 2. 10 Preheating workpiece during turning process
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Due to low thermal conductivity and material hardness, in machining titanium
alloys, TAM requires careful and appropriate selection of preheating method based
on source heating power, source position, machining speed, depth of cut and feed.
Also, the material of tool should be capable to endure more than 300 °C surface
temperatures and have steady chemical and thermal behaviours, and adequate
resistance to wear. It is noted that the heating strategy for turning process is slightly
different to that of milling, due to rotational differences in the cutting configurations

of the two methods. In turning, the cutting area is repeatedly heated (118) therefore
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would require less heating intensity compared to milling, where the cutting area does
not move as fast as in turning. A typical TAM arrangement for milling is shown in

Figure 2.11 along with workpiece temperature distribution.

In TAM, the effectiveness of the approach is critically dependent on the
preheating temperature, which requires careful control to prevent overheating of the
workpiece and material deformation (136, 142). In selecting external heating,
considerations should include not to over soften the surface layer in the primary
cutting zone, which can lead to unwanted deformation that can bring about other
machining complexities (3, 37).

Heating Source Cutting Edge

Absorption Length Chip

Cutting Depth

I X
? Cutting =—pp»
/ Speed
\

/ P >\

Temperature Profile Forward Distance Workpiece

Shearing Zone

Figure 2. 11 Preheating workpiece during milling process (143)

2.5 Effects of Preheating Temperature

Figure 2.12 presents the influence of temperature on mechanical strength of some
selected HTM materials (143), where it is noted that heating generally weakens
materials by reducing stress and strain hardening rate. This effect, which is known
as thermal softening (42, 118), is the principle behind TAM technique. In TAM,
workpiece temperature within the primary shear zone is raised above the
recrystallization temperature by external heating to reduce the workpiece yield
strength (144, 145). This assists plastic deformation, and reduces work hardening
effects and cutting force requirements in machining processes (146, 147). Thus,
power consumption is reduced while material removal rate and productivity (142,

148) are increased. This approach is particularly beneficial for HTM materials such
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as, titanium-based alloys, where TAM makes machining of these alloys much easier
(37, 149). For TAM to be operated effectively, the preheating temperature must be
controlled and kept within a range not affecting microstructural change of the
workpiece (118). In this regard, Machado and Wallbank (101) reported that the
preheating temperature of titanium alloys needs to be maintained below 882 °C to
prevent phase transformation. Also, it has been observed that rate of strain

hardening decreases significantly between temperatures 200°C to 734°C (143).
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Figure 2. 12 Relationship between temperature and mechanical strength of selected hard-to-
machine alloys (143)

With preheating, force components in the machining such as cutting force, feed
force, normal force, and thrust force, are dramatically reduced which reduces the
dynamic impact on the tool and advances tool’s mechanical and thermal fatigue
characteristics, operational life and machining cost-effectiveness (42, 150). Amin
(151) studied the influence of whole workpiece preheating in furnace on
machinability of high-temperature resistant steel and titanium alloy BT6 (Russian
Standard). It has been found that the preheating tends to stabilise chip formation

process and increases interaction length between cutting tool and chip.

Sun et al. (152) explored the influence of laser preheat in milling of
Ti-6Al-4V. They noticed significant reduction of feed force within 200 to 450°C

temperature. Ayed et al. (153) observed reduced machining forces with the laser
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power up to a certain value. Heating beyond this adversely affected because of chip
melting and melted chips sticking to the tool rake face, especially when the laser-
cutting tool clearance was 3 mm. Figure 2.13 illustrates the cutting force reduction
with the applied laser power for preheating. It is noted that a more than 50%
reduction in machining forces was achieved when the laser beam and cutting tool
gap 5 mm. However, increased feed and speed impart opposite effect on the
reduction of machining forces. It is concluded that a substantial decrease of forces is
generally possible with higher levels of external heating.
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Figure 2. 13 Reduction rate of machining force while machining Ti-6Al-4V alloy at feed (a)
0.1 mm/rev, and (b) 0.2 mm/rev (153) with speed 40 and 80 m/min and cutting depth 1 mm
(153)

The machining force is linearly proportional to the variation of feed and/or depth-of-
cut (154) in the course of laser assisted machining of titanium alloys (Ti-6Cr-5Mo-
5V-4Al) (155) and (Ti-10V-2Fe-3Al) (129). During turning of (Ti-6Cr-5Mo-5V-
4Al) alloy, the cutting forces decrease by about 15% at laser power of 1200 W, feed
0.15 to 0.25 mm/rev and speeds within 25 to 100 m/min. Whereas, the percentage of
decrease in machining forces during machining of (Ti-10V-2Fe-3Al) alloy is
between 10 to 13 % in machining speed range of 45 — 70 m/min. Due to thermal
softening, workpiece preheating also reduces the amplitude of force fluctuations,
which in turn dampens tool vibration (28, 156). Hence, damages to rake and flank

faces are lessened, as illustrated by Figure 2.14.

Dandekar et al., (150) studied machinability of Ti-6Al-4V alloy in terms the

specific machining energy, tool life, and surface roughness with laser assistance.
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A marked decrease in the rate of tool wear was noted with increasing material
removal temperature (Tmr) up to (250 °C). At this temperature, cutting tool life
increased by about 1.7 times at machining speed below 107 m/min compare to that
of conventional machining. The wear rate of tool started to increase with the rise of

workpiece temperature over 250 °C.

Figure 2. 14 Tool damage (a) rake face (b) flank face of cutting tool inserts at speed 160
m/min with laser heating, and (c) rake face (d) flank face of cutting tool inserts under similar
machining circumstances under without laser heating (155)

TAM offers further benefits in reducing the occurrence of adhesion of chip
fragments and BUE at the tool cutting edge, which are direct implications of high
temperature build up in the plastic deformation zone. With thermal softening
induced by preheating, TAM improves surface finish with fewer surface cracks and
less porosity than in traditional machining (157). This is further evident from the
fact that the microhardness at the surface layer is decreased with higher levels of
preheating temperature because of the reduced density of dislocation (158). The
increased preheating temperature stimulates grain growth and larger grains stay close
to the heated surface of the workpiece. Increased grains size reduces strain

hardening effect, and as a result, the hardness increases as the distance from the

34



workpiece surface rises along the depth. Several variables influence the yield
strength of the workpiece during TAM and affect the machined surface. These
variables are heat source power, the gap between heat source and tool, and the
distance and angle between the workpiece surface and heat source. Germain et al.,
(159) observed a slight reduction in the surface roughness between 0.3 um and 0.6
um, when the laser power was between 500 W and 1000 W while machining of Ti-

6Al-4V alloy at speed of 26 m/min and 54 m/min.

Localised heating softens the surface and changes the material removal mechanism.
These affect the morphology and microstructure of the chips in TAM where the
chips are formed with clearer edges, uniform thickness and homogeneous
segmentation (152). Due to high temperature in TAM, the chip morphology changes
from sharp saw-tooth (brittle fracture type) to a continuous chip (plastic flow type).
This is represented by the significant difference in both the depth of sow-teeth and
segment spacing, as shown in Figure 2.15. The formation of continuous chips
reduces the surface roughness and minimises self-induced vibration (135, 160). The
segmented chip is occasionally found at low cutting speed. With increasing
preheating temperature, the deformability of work material at heated surface
improves. Hence, continuous chips are produced at higher machining speeds. It has
been noted that the localised melting in chips occurs at less than 20 m/min speeds, as
illustrate in Figure 2.16. It is also reported that the increase surface temperature
raises chip thickness and reduces the distance Dc (shown in figure 2.15) and shear

angle (153). All these increase the frequency of the chip segmentation.

Figure 2. 15 SEM views of chip sections at varying laser powers at speed 40 m/min and feed
0.2 mm/rev (a) no laser (b) 500W (c) 1000w, (d) schematic chip morphology (153)
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Figure 2. 16 (a) and (b) Chip Microstructures formed in laser-assisted machining at speed 7
m/min, (c) and (d) SEM secondary electron images of dendrites at the same chip surface
(129)

Using laser of 1500 W, Braham-Bouchnak et al., (161) have observed semi-
continuous and continuous chips owing to the increase of sawtooth frequency. It is
also reported that the chip shrinkage coefficients decreased with higher heating
temperature that increases chip length (162), or the reduction in chip shrinkage
coefficient leads to stable and thinner chip. Using polycrystalline diamonds (PCD)
inserts for machining, Ginta et al., (162) have noted that TAM reduces vibration
amplitude from 53% to 86% due to preheating at 650 °C.

Above review identifies that TAM decreases the flow stress and strain
hardening of workpiece material, hence significantly suppresses tool
chatter/vibration and improves tool life. Elevated temperature in TAM facilitates
smoother material flow over the flank as well as rake faces of the cutting tool
thereby improves the machined surface. Chips formed under proper thermal
conditions tend to be thin, long and continuous. These would increase the chip-tool
contact length compared to those produced in conventional machining. This longer
contact length decreases the stresses at tool face and extend cutting tool life. Thus,
the TAM technique represents an effective solution to machining HTM materials

with an acceptable cost with improved productivity and quality.

36



2.6 Thermally Assisted Machining Techniques

Some recent research works have been focused on the development of TAM
techniques for improving titanium alloys machining. For example, Bermingham et
al. (139) measured both tool life and wear mechanisms after preheating the
workpiece in a conventional furnace prior to machining of titanium alloy (Ti-6Al-
4V) at three workpiece temperatures with two carbide cutting tools. A 30 %
reduction in the cutting forces was achieved in addition to 7 % improvement in tool
life, compared to that offered by cooling technologies under identical experimental
conditions. Current state of the art identifies high-end thermal-assisted techniques,
such as induction-assisted machining (82-85), plasma-assisted machining (86, 87,
163-166), and laser-assisted machining (37, 38, 88-90) are more promising
contenders that significantly improve the overall machinability of titanium alloys

with recognized benefits of high MRR and economics of machining.

2.6.1 Laser-Assisted Machining (LAM)

Recently, LAM has been used as an auxiliary process for machining various HTM
materials and alloys as well as alloys possess high melting point, and composites.
LAM deploys a high-power laser focussed at a certain spot on the workpiece to
preheat upstream of tool path surface during traditional machining (167-170). The
laser heating point in turning is confined to less than 3 mm diameter (171, 172).
This localised heating lowers the yield strength of HTM at elevated temperature,
thus reducing cutting forces and tool wear to improve surface finish quality and cut
down the machining time (39, 169, 173). However, the intense laser heating causes
oxidation, melting and/or vaporization of the workpiece surface while the transient
thermal response of the workpiece would potentially induce uneven thermal
expansion of the material (29, 170, 174). The performance of laser preheating
technique depends on the laser attributes such as laser power, beam diameter, scan
speed and approach angle (tool-beam distance), as well as the machining parameters
such as cutting speed, feed rate and depth of cut. Therefore, LAM is rather complex
to control for as it is governed by many parameters and their mutual interactions
(150, 171, 175). Nonetheless, this technique has been widely extended to various
machining operations such as milling, grinding and turning, etc. (176), recognising

its many advantages: (i) adaptability to different types of machining processes, (ii)
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localization of high temperature and (iii) process stability (39), etc. This technique
offers flexibility in machining of HTM material as it allows adjusting of input
parameters to reduce machining time, thus yielding a significant reduction in
production cost, as much as 60 % — 80 % (27, 34, 161, 177).

LAT centre consists of three main components, where the first component
contains a high-power continuous-wave laser to supply strong, localized and
controlled heating to the workpiece; the second part is a system of optics for guiding
the laser beam from the lasing chamber to the workpiece; and the third component
contains machine tool, i.e. lathe itself (89). The position of a laser beam is arranged
in such a way that the temperature distribution remains uniform into the cutting zone
(149). It uses two control systems namely, revolver-kind optics and auto focusing to
control the laser beam size (176). The revolver-kind optic system is equipped with
various lenses that process selectively, while in auto focusing, the laser beam
diameter and the focal length are set by automatic focusing system. The laser beam
can be transferred from its module to a specific machining zone by using optical

fibres or mirrors (176).

In LAT, the workpiece rotates at high speed and while it is being subjected to
cyclic heating at a specific rotating point via a laser beam focused on an area ahead
of the cutting edge. The workpiece temperature gets progressively elevated at the
heated point and shows slight cooling when laser spot moves away along the cutting
path (178-180). Generally, a continuous-wave beam with a Gaussian distribution is
useful to minimise the thermal shock. To the contrary, with a pulsed-wave mode
laser, heating and cooling tend to be more rapid at the workpiece, leading to a
workpiece surface hardening process that adversely affects the machining
performance (180). The convection and conduction heat transfers processes impact

considerably on the temperature distribution in the cutting zone (178, 180, 181).

It has been found that arranging the laser beam perpendicular to the feed
direction is more effective for not heating the machined surface and makes
machining easier (167), see Figure 2.17. In addition, in this method, the laser output
is regulated by a pyrometer, allowing a constant temperature to be achieved in the
component (182). However, the temperature at a depth of machining may not be

enough for a deeper cut and the measurements do not warrant recording such

38



temperature for precise determination of effective cutting depth (38, 182-184).
Whilst LAM can be practically used for machining titanium alloys, this technique is

observed to be difficult for cutting straight holes or pear-shaped holes (39, 169).

Laser Source
Machine Body /.\ ‘
L /
7
Workpiece L Cutting Tool

Figure 2. 17 Illustration of laser beam position (perpendicular to the feed direction) in
turning

Another possible arrangement of the laser beam is to set it vertical orientation to the
workpiece chamfer surface during turning operation (89, 149), as illustrate in Figure
2.18. This reduces the components of cutting forces significantly (30, 183, 185),
hence minimising the chances of any mechanical and/or thermal issues. For uniform
reduction of cutting forces, it is essential that the laser spot size should completely
cover the chamfer surface, so that the softening of plastic deformation zone by the
laser becomes easy. This will reduce the shear-generated heat to level below
conventional machining (38).

(a) (b)

Beam

workpicce

Figure 2. 18 Relative position of the laser beam during turning operation: (a) end-view and
(b) side-view (185), with kind permission from John Wiley and Sons
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In laser-assisted milling operation, multiple laser beams can be used in various
orientations over the cutting area, because a large zone is covered by cutting tool (90,
186). The temperature at the laser spot depends on (i) the heating duration, (ii) the
laser power density distribution and (iii) the number of heating/cooling cycles (38).
Due to the ability to control spot size and laser power density, the thermal distortion
and heat-affected area are generally small in LAT methods. Therefore, intense
thermal gradient is confined to a very thin surface layer at the workpiece, enabling
machining without interfering on the integrity of workpiece subsurface. According
to many studies (174, 187), the temperature gradient at the cutting zone is important
to understand the mechanism of chip formation, investigate the thermo-mechanical
characteristics in LAM, and to determine the reduction values of cutting forces
(188).

The effectiveness and benefits of LAM for various HTM materials are
reported in literature, identifying a significant reduction in cutting forces, tool wear,
chatter and producing better machined surface and increased MRR, such as for steels
(38, 189-192), inconel 718 (189, 193-196), nickel alloys (197, 198), waspaloy alloy
(199), ceramics (172, 174, 179, 200-202), magnesium alloys (203, 204), and metal
matrix composites (48, 178, 188, 205, 206). There have been many investigations in

recent years examining the feasibility of LAM for titanium alloys.

Hedberg et al. (207), experimentally studied the improvement in the
machinability of titanium alloy (Ti-6Al-4V) by using LAM technique. It was
determined from the study that the flank wear and compressive residual stresses of
the machined surface were decreased by 10% and cutting speed was increased
around 35% in LAM compared with conventional process to machine Ti-6Al-4V.
Furthermore, increasing cutting speed showed a 33% reduction in cost in spite of the
additional cost of laser equipment. Germain et al. (159) investigated the effect of
LAM on residual stresses of machined bearing steel (100Cr6) and titanium alloy (Ti-
6Al-4V). This study indicated that the higher laser power reduces the cutting forces
and increases the residual stresses towards tensile or positive stresses at the surface
layer. Braham-Bouchnak et al. (161) studied the improvement in productivity of
titanium alloy (Ti555-3) through LAM to improve chip formation by a thermal
softening phenomenon. It was identified that a reduction of surface temperature and

the change of chip formation mechanisms are achieved by increasing the frequency
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of sawtooth. Furthermore, the surface integrity of workpiece was modified in terms
of strain hardening and residual stresses, as shown in Figure 2.19. Dandekar et al.
(150) investigated the effect of LAM with hybrid machining on titanium alloy (Ti-
6Al-4V) machinability. The results show that it is possible to increase the cutting
speed during machining (Ti-6Al-4V). Moreover, the cutting forces were reduced

with reasonably higher MRR.
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Figure 2. 19 Residual stresses as a function of depth during machining with and without
laser heating, a axial residual stresses and b circumferential residual stresses (161)

Rashid et al. (155) studied the effects of LAM on machining of the beta titanium
alloy (Ti-6Cr-5Mo-5V-4Al), by comparing cutting temperatures and cutting forces
during LAT and conventional machining at different values of feed rates and cutting

speeds. This comparison showed that the cutting forces reduced by 15 % in LAM.

The results show that the optimum cutting speed range of 25-100 m/min is
suitable to avoid chip/tool welding; and leads to acceptable characteristics of surface
integrity. Furthermore, the optimum range of cutting temperatures was found to be
1050-1250 °C causing a moderate reduction in cutting forces. Sun et al. (152)
reported that local heating by a laser beam in front of the cutting tool during laser-
assisted milling of titanium alloy (Ti-6Al-4V) caused a dramatic reduction in cutting
forces, especially feed force at 200-450 °C. This higher temperature at tool/chip
interface zone may accelerate the dissolution/diffusion and adhesion wear, thereby
leads to softening the cutting tool (152, 208). Therefore, the maximum tool life
achieved between 230 and 350 °C for LAM with compressed air delivered through
the spindle during laser-assisted milling of Ti-6Al-4V (152). It was noted that both
the cutting tool life and tool failure modes depend on the temperature at cutting zone.
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LAM of HTM materials produces a dense layer with fine grains which improves the
hardness of the surface during the phase change and fast solidification in the surface
area (209, 210). The most widely used laser sources that have been investigated as
preheating media in LAM experiments are a neodymium-doped yttrium aluminium
garnet laser (Nd:YAG), carbon dioxide laser (CO,) and high-power diode laser
(HPDL) (176, 211, 212). Fundamentally, Nd:YAG laser is a solid-state laser that
emits a wavelength of 1.064 um (213, 214). However, CO2 laser is a gas laser that
emits a wavelength of 10.64 um, which is ideal for optimum absorption. The CO2
laser produces spot size 10 times larger than that produced by Nd:YAG laser, when
both types are used in the same machine set-up. HPDL laser has broader wavelength
bands than others and emits a wavelength from 0.808 to 0.980 p (215, 216).
Nd:YAG laser is ideally used for metals and coated metals, while CO2 laser is best
suited for organic materials for example wood, paper, plastics, glass, textiles and
rubber. The CO2 laser has limitations, where it requires a beam transfer technique
using a mirror compared to other types of the laser using fibre optic cables (180, 212,
215). In HPDL laser, the laser energy density has uniform geometry in Top-Hat
shaped, which represents much better results than the Nd:YAG and CO2 lasers that
have a Gaussian distribution (176, 215, 217), see Figure 2.20. The Nd:YAG laser is
most useful on most of the HTM materials like hardened steel and titanium alloys
due to the shorter wavelength (12, 171, 192). On the other hand, HPDL laser shows
an absorption rate of about 40% at the surface of metals, thus making this type being
largely suited for most metallic materials and better beam stability in LAT (216-
218).

Maximum
Energy Density

Minimum
Energy Density

Figure 2. 20 Distribution shape of laser energy density, (a) Gaussian distribution and (b)
Top-Hat distribution (176)
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Rashid et al. (114) have studied the effects of laser power on the beta titanium alloy
(Ti-6Cr-5Mo-5V-4Al) machining and noted that the optimum range of laser power is
1.2-1.6 KW to reduce cutting forces significantly at cutting speed ranging from 25 to
125 m/min. The influence of laser power on residual stresses during LAT of AISI
4340 steel via finite element analysis have examined by Nasr and Balbaa (208). The
results showed that surface tensile residual stresses decrease with the increase of
laser power. At lower laser power, limited preheating in front of the cutting tool
causes easier compressive deformation. Higher laser power produces mostly thermal
deformation, which leads to minimizing the material resistance of workpiece at
cutting zone and causes tensile residual stress at the machined surface. The effect of
laser power and cutting speed on the machining of Inconel 718 superalloy have been
investigated (219). It was noted that the surface temperature increases with higher

laser power and falls when the approach angle increases.

Kannan et al. (220) investigated the LAM feasibility of machining alumina
ceramics over a range of laser scan speeds on cutting tool wear. The results showed
that the surface temperature fluctuates around 1250 °C when the laser scan speed is
around 35-55 mm/min at a laser power of 0.35 kW. The cutting forces and flank
wear decreased significantly at this temperature. However, above this range of laser
scan speeds, the cutting forces and flank wear were observed to increase. This is
because of the reduction of laser-material interaction time at the higher speed of laser
scan. Subsequently, the temperature at the depth of cut would be much less than the
softening temperature. Sun et al. (127) analyzed the influence of the laser beam
diameter on chip formation during machining titanium alloy (Ti-6Al-4V) at various
machining speeds. This investigation showed segmented chip formation at low and
high speeds. Continuous chips are formed at intermediate speeds because of the
thermal softening at the shear zone, which causes ductile deformation.

The surface layer of workpiece needs to be heated to a temperature that will
cause ductile deformation of material during the machining operation. Due to high
temperature during LAM, the continuous chip is formed, indicating plastic
deformation rather than brittle fracture (37, 182). Chips thus formed have a highly
irregular segmentation pattern, that is distinguished by larger fluctuations in segment
height (h) and pitch (p) compared to the one that formed in conventional machining,

as illustrated in Figure 2.21. As a principle requirement, the heating temperature
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must not be high enough to change the bulk material properties of workpiece and/or
soften of the cutting tool (182). Therefore, laser heating needs to be confined to the
workpiece surface and should be readily removed before heat propagates into the
bulk of workpiece (50). This results in reduction of surface roughness, as shown in
Figure 2.22, and lessen tool wear by about 90% when compared with traditional
machining (182, 189).

The distance from cutting edge to laser beam is a critical factor during
preheating by laser. This determines the time interval between heating and
machining processes, therefore the temperature distribution at the machining zone
[34]. During machining commercially pure titanium, Sun et al. [67] noted that the
highest reduction of cutting forces occur when the laser spot position is nearest to the
cutting edge. However, the distance between tool and beam must not be very close
to prevent cutting tool damage by overheating [63]. High laser heating temperatures
may prematurely degrade the cutting edge, leading to subsurface damage of

workpiece [59].

Figure 2. 21 Chip morphologies of titanium metal matrix composite: a with LAM, V¢ = 100
m/min, Ts =500 °C, and, b conventional machining, V¢ = 100 m/min, RT (188) with kind
permission from Elsevier
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Figure 2. 22 The micrograph of the machined surface (300 m/min, 0.4 mm/rev) under: (a)
conventional and (b) LAM machining conditions (189) with kind permission from Elsevier

The material removal temperature is an important variable that requires to be
controlled to prevent metal melting and/or undesirable microstructure change during
machining (38). The material removal temperature can be obtained empirically for
turning Ti-6Al-4 V with single CO2 laser from Eq. (2.1) (150):

3.4p0.66
e PCOZ

0.31 0.31
fr D0.34VC

(2.1)

Ty =

Equation (2.1) shows that the material removal temperature increases with higher
laser power. However, this temperature decreases with increasing cutting speed and
workpiece diameter, owing to the reduced interaction time between the laser beam
and the workpiece. Therefore, increasing rotating speed leads to a reduction in both
the cutting force and cutting tool life (38, 185). Attia et al. (189) stated that MRR
and the surface finish improve approximately by 800% and 25%, respectively,
during LAT compared to those with conventional turning. The past work on the

effect of LAM on the machinability of titanium alloys is summarized in Table 2.3.
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Table 2. 3 Summary of LAM of titanium alloys

Author Type of study Workp!ece Machining eSS Objectives Results and conclusions
material process parameters
Rajagopal et al. (89) Experimental Inconel 718 Turning Laser power, To study the Significant reduction in tool
& Feed rate influence of Laser wear and cutting forces.
Ti-6Al-4V beam/cutting tool
distance on the
machining efficiency
and tool wear.
Germain et al. (159) Experimental Bearing steel Turning Cutting speed, To analyse the effect | - Significant reduction in cutting
(100 Cr6) Feed rate, Depth | of effect of process forces and surface roughness
& of cut, Laser parameters on fatigue | -Improvements in residual
Ti-6Al-4V power strength in LAM, and | stresses.
to further optimize -Slight reduction in the fatigue
them. strength.
Sun et al. (185) Experimental Pure Titanium Turning Laser beam-tool | To investigate the - Low cutting forces

lead distance,
Laser focusing
lens-workpiece
lead distance,
Incident
beam/workpiece
axis angle,
Laser power,
Cutting speed,
Feed rate

effect of LAM on the
cutting forces and
chip formation.

- Smoother surface finish
- Continuous chip formation
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Sunetal. (127) Experimental Ti-6Al-4V Turning Cutting speed, To investigate the - Continuous chip formation at
Laser power influence of laser higher laser power and cutting
beam on chip speed
formation.
Dandekar et al. (48) Numerical Ti-6Al-4V Turning Tool material, To study the - Significant enhancement in
& Cutting speed, enhancement in MRR | MRR and cutting tool life.
Experimental Material and cutting tool life - Low machining costs.
removal
temperature
Yang et al. (221) Numerical Ti-6Al-4V Without Laser power, Characterization of - Increasing width and depth of
& machining Laser scanning | heat affected area the heat affected area with laser
Experimental speed, Laser produced by laser power increases and laser spot
spot size, Angle | heating. size decreases.
of incidence
Sun et al. (152) Experimental Ti-6Al-4V Milling Cutting speed, Analysing the - Dramatic decrease in feed force
Feed rate, Depth | influence of LAM on | -Significant reduction in tool
of cut, Laser cutting forces and chipping.
power, Cutter cutting tool wear.
axis/laser spot
centre distance
Rashid et al. (155) Experimental Ti-6Cr-5Mo- Turning Cutting speed, To analyse the effects | - Reduction in cutting forces.
5V-4Al Feed rate of cutting speed and - Cutting temperature decreased
feed rate on cutting with increasing cutting speed.
forces and cutting
temperatures.
Zamani et al. (222) Numerical Ti-6Al-4V Milling Cutting speed, Investigating the -Significant cutting forces
& Laser power, effect of machining reduction in three directions (X,

Experimental

Feed rate

and laser parameters
on cutting forces.

Y and Z).
-Increasing cutting tool life.
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Rashid et al. (114) Experimental Ti-6Cr-5Mo- Turning Cutting speed, To analyse the - Reduction in cutting forces at
5V-4Al Laser power influence of laser high laser power and moderate to
power on cutting high cutting speeds.
forces and cutting
temperature.
Zamani et al. (223) Numerical Ti-6Al-4V Milling Feed rate, Laser | To analyse the -Appreciable reduction in cutting
power influence of feed rate | forces and tool wear.
and laser power on
the cutting speed and
cutting tool.
Rashid et al. (203) Experimental Ti-10V-2Fe- Turning Cutting speed, To study the effect of | - Low cutting forces and
3Al Feed rate cutting speed and temperature.
feed rate on cutting -Cutting temperature is greatly
forces, cutting dependent on the cutting speed
temperature and chip | and feed rate.
formation. - Continuous chip was formed at
moderate cutting speed and
segmented chip at high cutting
speed.
Braham-Bouchnak et | Experimental Ti555-3 Turning Cutting speed, Investigating the - LAM has small effect on

al. (161)

Feed rate, Depth
of cut, Laser
power,

effect of LAM on
cutting forces, chip
formation and
machining
productivity.

surface roughness criteria.
-Increasing frequency of
discontinuous chip with increase
in laser power.
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Joshi et al. (224) Numerical Ti-6Al-4V Without Laser power, To analyse the -The surface temperature
machining Laser spot temperature increases when laser power
diameter, distribution inside the | increases and laser spot diameter
Rotation speed | workpiece heated in decreases.

LAM. -The surface temperature
decreases with increase in
scanning speed.

Rashid et al. (156) Experimental Ti-10V-2Fe- Turning Cutting speed, To investigate the - Optimum value of laser power
3Al Laser power effect of laser power | resulted in reduction of cutting
on machining forces and improvement in
parameters during surface finish.

LAM. - Optimal range of cutting speed
helps to avoid force fluctuations
during LAM.

Xi et al. (225) Numerical Ti-6Cr-5Mo- Turning Laser scanning Simulation of LAM -Significant reduction in
5V-4Al speed, Rotation | using traditional temperature is achieved with
speed finite element method | increase in laser scanning speed.
and Split Hopkinson
Pressure (SPH)
method.
Avyed et al. (153) Numerical Ti-6Al-4V Turning Laser power, To study the effects -Increase in laser power
& Cutting speed, of machining and minimizes the shear angle and
Experimental Feed rate, laser | laser parameters on reduces the chip thickness
beam/cutting cutting forces and -Significant reduction in the
tool distance chip formation. cutting forces.
Hedberg et al. (207) Experimental Ti-6Al-4V Milling Laser power To study the Significant reduction in flank

machinability of Ti
alloy

wear and cutting forces.
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2.6.2 Plasma-Assisted Machining (PAM)

PAM is another technique that is recommended for machining of HTM materials
such as Ti-6Al-4V that undergo change in mechanical properties at high temperature
(11, 87, 164). PAM is an economical option for heating work material because the
cost of heat generation is much lower than the laser technique (164). PAM has the
ability to generate and transfer required amount of heat to the workpiece by a plasma
torch to improve machinability (164, 165, 226). This technique elevates temperature
locally ahead of the cutting tool edge and can raise workpiece temperature to 400—
1000 °C by convective plasma energy transformation (163, 227). Although, plasma-
heating operates with the same principle as laser heating, but the power density

obtained from plasma is less than that of laser (23, 180).

A PAM set-up consists of a conventional machine tools (i.e. lathe and milling
machines), a plasma-heating platform with a torch and a control unit. The layout of
PAM and plasma torch is illustrated in Figures 2.23 and 2.24, respectively. In this,
the thermal arc generator has two parts such as electrode and nozzle, as shown from
Figure 2.24. A critical issue with PAM is the difficulty to keep the localized heating
temperature constant in the allocated cutting zone. Direct current is used to generate
arcs from the reaction between plasma gas and electrode sparking to produce
equilibrium or thermal plasma (164, 180). In this preheating technique, the heat spot
diameter is around (4-5 mm) and can be located at machining zone near the cutting
tool. The electrode is generally made of tungsten and acts as a cathode. The plasma
gas flows through the nozzle that works as an anode when machine nonconductive
materials. However, the workpiece serves as an anode for conducting materials
machining (164, 227). Extremely localised energy is obtainable at low gas flow
rates when PAM of materials that have a good electrical conductivity (226, 227).
When cutting is performed nearer to the chuck, a special enclosure is attached to the
chuck to minimize the turbulent air flow effects generated by the chuck rotation
(164, 227).
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Figure 2. 23 Illustration set-up of PAM (164) with kind permission from Elsevier
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Figure 2. 24 A schematic drawing of plasma torch (164) with kind permission from Elsevier

There are many technical considerations affecting the selection of cutting parameters
(163), where PAM technique has inherent difficulties in controlling the hotspot
diameter. The size of heating spot influences the process parameters fz and a.. The
surface temperature of workpiece can be obtained from the empirical Eq. (2.2) (228),
with fixed values of the cathode setback, the plasma gas flow rate and the shield gas
flow rate. The axial depth of cut, a, is directly related to the temperature distribution
under the surface layer of the workpiece. The machining parameters namely, fz, V.,

ap and a. have direct effect on the operation performance and cutting tool behaviour.
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Equation (2.3) (163), shows a cross relationship between heating parameter (F) and

machine parameters (fz, V., z, D):

0.58440.06
10-5847

Ty = 803275 —5

(2.2)

D0'405f79'2026

F= f, 1000 V,.z 2.3)

D

Applying plasma technique enables high MRR and increased cutting tool life (164).
PAM is widely used only for turning operations because of the difficulties with

plasma heating in end-milling operation (166, 180).

During PAM, the formed chip morphology transformed from segmented chip
(brittle fracture type) to continuous chip (plastic flow type) due to increased heating
temperature (142). Additional, the chip temperature that formed in this technique
tends to be higher than in traditional machining, leading to higher flank wear rates
(70, 163). The cutting forces in this method are substantially lower around 20-40%
with the elevated surface layer temperature until a critical temperature is reached at
the chip deformation zone (163-165). Besides the reduction in cutting tool wear, the
PAM technique also improves the surface finish of the workpiece without occurring
much defects (23, 165, 166).

2.6.3 Induction-Assisted Machining (IAM)

IAM is a new approach in thermal-assisted machining, where a high-frequency
induction coil is used as an external heat source to preheat workpiece at localised
areas or surface zones adjacent to the coil. Unlike other methods, the coil generates
heating along a line on the workpiece, not at a localised point. Thus, the heating
region tends to be much wider in IAM compared to other methods. Nonetheless, this
method is capable of quickly achieving high temperatures that are controllable and

stable (180, 229). Depending on the machining application of turning or milling
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processes, IAM induction coil is configured to match the operational requirement, as
illustrated by Figure 2.25. In these, the heating device consists of three main
components, namely (i) matching transformer and condenser, (ii) high-frequency
transformer (invertors) and (iii) cooling unit. The induction coil is energized by high
frequency alternating electric current to create a magnetic field, thereby generating
intense heating. This heating is achieved without any contact between the induction
coil and the workpiece while the rate of heating is determined by parameters such as,
material magnetic permeability, frequency and intensity of electric current and,

material electrical resistance and specific heat (82-85).

Induction workpiece preheating reduces tensile strength and strain hardening
(180, 230), and softens the work surface layers (28, 82, 113), hence decreasing the
cutting forces. A past work conducted on induction-assisted milling of (Ti-6Al-4V)
at 650 °C, thermal softening resulted in cutting force reduction from 338.2 N to
265.6 N (84). Baili et al. (230) studied the effect of preheating by induction coil on
machinability of titanium alloy (Ti-5553). They reported that the components of
cutting forces remain constant at a temperature lower than 100 °C while for a
temperature between 100 and 500 °C, about 10% force reduction was observed.
Then this reduction increases significantly when the temperature exceeds 500 °C
(230). However, the thermal stresses encountered in induction coil heating are

higher than that for laser technique (28).

With IAM, reduced tool wear dramatically extends the cutting tool life, much
similar to other workpiece preheating techniques (28, 82, 84, 229). At moderate
cutting speeds in end-milling process, titanium alloy preheating by IAM increased
the cutting tool life around 80% (229). In end-milling of Inconel 718, tool life
improvement of 83% is noted at the lowest cutting feed while around 28% is
observed at the highest feed (110). With high-frequency induction heating, tool
vibration and chatter are also reduced to acceptable levels (28, 229). Ginta et al. (84)
have observed 67% reduction in vibration amplitude when the titanium workpiece
was heated to 420 °C led to enhance machinability. Additionally, their results show
(28) 88% less amplitude acceleration for Ti-6Al-4V with IAM at workpiece
temperature of 650 °C. Furthermore, the vibration suppression minimizes dynamic

loads on the cutting edge, thereby reduces flank wear (83-85, 229).
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Figure 2. 25 Experimental set-up of (a) induction-assisted turning, and (b) induction-assisted
milling

During machining titanium alloys, the BUE is considered as a major factor that
affects surface quality. The formation of BUE depends on the chemical reactivity
between chip and cutting tool materials, which in turn depend on the preheating
temperature (110). The size of BUE increases with increase in temperature during
IAM, until it reached a certain size, then pass off with a chip (84). In end-milling of
Ti-6Al-4V, the temperature generated is basically responsible for the built-up of chip
fragments on the machined zone that finally depreciates the surface finish (158).
The temperature generated during cutting process is rationally adequate as a driving
force to enhance annealing arrangements during IAM. The driving force increases
with the increase of preheating temperature, thereby leading to lower microhardness
(158). With this condition, initiation and establishment of grain growth happen,
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causing hardness reduction of materials (158).

IAM produces lower surface

roughness compared to that achieved in machining process at room temperature

(113, 230). Previous studies on the effect of IAM on the machinability of titanium

alloys are summarized in Table 2.4. A comparison of all the heating techniques

applied in the machining of titanium alloys has made in Table 2.5.

Table 2. 4 Summary of past work on IAM of titanium alloys
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increment in tool
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: Cutting . . - S
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al. (229) Milling rgte ' on the surface integrity | reduction in cutting
in milling process. forces.
- Reduced chatter
and vibrations.
-Increased cutting
tool life.
_— -Significant
Ginta et al. . End- Preheating Investigating the eff_ect reduction in cutting
Ti-6Al-4V - of workpiece heating
(84) Milling temperature on the tool life forces.

' - Reduced
machining
vibrations.
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To study the effect of | reduction in cutting
. . workpiece heating by | forces.
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temperature .- preheating
milling process.
temperature.
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Table 2. 5 Comparison of preheating techniques used in machining of titanium alloys

Description LAM PAM IAM
Heating source Laser Plasma Electric current
Heating tool Laser beam Plasma torch Induction coil

Heating tool Unlimited movement | Unlimited movement | Limited movement
movement of heating tool of heating tool of heating tool
Complexity of the | Complex components Less complex Simple components
components components
Heating area Localised point Localised point Line
Degree of heat High degree High degree Low degree
concentration
Controlling heat Easy control of heat Impossible to Easy to use
source source precisely control
Cost of equipment High cost Medium cost Low cost

2.7 Laser-Assisted Machining of Rotating Workpiece

As mentioned in section 2.6.1, a laser spot beam in LAM is applied to preheat the
moving workpiece surface in advance of the cutting tool. This localised heating
intends to create sufficient thermal penetration into the workpiece and reduce
material yield stress up to the cutting depth, thus improving ductility and reducing
cutting forces. With material “softening” in the cutting region, tool vibration is
lessened, hence resulting in better product surface finish and dimensional tolerances
whilst prolonging tool life. These benefits of LAM are essentially derived through
correct levels of preheating, where inadequate application would give rise to
excessive cutting temperatures, imparting adverse changes to surface microstructure
and tool life as well, while over preheating would irreversibly compromise

workpiece strength.

For harnessing preheating benefits, a clear understanding of the thermal
penetration into the workpiece is essential, allowing accurate determination and
optimisation of cutting parameters in LAM. However, the scientific investigation of
this thermal situation is inherently complex due to highly transient and non-uniform
workpiece temperature fields. Therefore, the schema for determining LAM
preheating parameters remains grossly underdeveloped and the current practice
heavily relies on trial-and-error approaches that bring about operational
uncertainties.
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The experimental methods provide limited scope for improved understanding on
thermal impact from laser preheating on workpiece owing to impractical or tedious
instrumentation requirements and lack of suitable non-intrusive measuring methods.
On the other hand, analytical methods involving appropriate numerical modelling
processes offer high precision and flexibility to accommodate mechanistic
complexities and generate accurate parametric predictions in a cost-effective manner,

thus leading to formulation of a systematic foundation for LAM.

Literature on LAM reports some limited research attempts that consider the
classic heat transfer problem of point source surface heating on a rotating workpiece,
and heat dissipation to the ambient by combined modes of heat transfer. In these,
Gecim and Winer (231) applied an integral transformation technique to analyse the
steady-state thermal behaviour of a rotating workpiece, subjected to a moving heat
source and convective heat loss. They obtained the temperature distribution
analytically, and simplified the analysis by neglecting axial and circumferential
conduction, and assuming constant thermal conductivity and convective heat transfer
coefficient with uniform heat flux. A thermal source term was deployed to represent
the frictional heat generated by the cutting tool that increased with the workpiece
rotational speed whilst the workpiece temperature observed to fall due to improved
convection. Pioneering experimentation in this field, Pfefferkorn et al. (232) have
investigated surface temperature of a rotating workpiece heated by a linearly moving
laser beam. Using air cooling nozzles to enhance convection, a parametric analysis
was performed with shaft dimensions, angular velocity, laser point translational
speed, laser power and the laser pointer size. Instead of contact thermocouples for
measurements, they utilised a more advanced method of laser pyrometric technique
for simultaneous measurement of surface temperature and emissivity of the
workpiece, hence examining qualitative and quantitative appraisal of surface thermal

behaviour against key operational parameters.

Extending this work, Rozzi et al. (184) performed similar experimental
measurements to validate their analytical model that accounted for heat transfer
modes of conduction, convection and radiation. This model assumed constant
thermal properties and deployed empirical correlations for jet impingement cooling.

The reported results indicated good matching for surface temperature at various laser
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power, and rotational and translational velocities. Subsequently, Rozzi et al. (233),
added a cutting tool to their experiment and considered material removal process
with laser heating. A substantial surface temperature rise was observed due to the
additional heating from cutting friction. Through simultaneous laser heating and
material removal process, this research demonstrated the critical need to achieve
softening temperature in the workpiece prior to reaching the cutting tool interface,

and the importance of thermal penetration depth as a key aspect of LAM process.

Thermal behaviour of heated rotating cylinders has been numerically
examined as multi-mode transient transfer problems using Finite Element Method
(FEM), Finite Volume Method (FVM) and explicit dynamic approaches. Rozi et al.
(233, 234) developed a numerical model for simulating heat transfer in a rotating
cylinder during LAM process and used their experimental data for validation. This
parametric study identified laser power, laser-to-tool distance and transitional
velocity as the most influential parameters while the effects from rotational velocity
(and radial temperature gradient) were described as marginal. Anderson and Shin
(190) highlighted the importance of LAM application for hard-to-machine material
such as high-nitrogen, nickel-free stainless steels and conducted an experimental
investigation to determine the parametric map of machining enhancement. They also
performed a microstructure analysis and indicated how far from surface the material
remains intact and hence raised the importance of achieving informed and controlled

temperature profile towards core area.

Samanta et al. (235) experimentally studied the influence of micromachining
LAM operation on cutting force and residual stress in Inconel 625 samples. The
results show reduction in cutting force (by 25%) and increase in normal compressive
residual stress (up to 50%), which reveals combined favourable and adverse effect.
This could potentially set a trade-off pattern to be optimised for each material,
dimension and heating intensity where the key input is an accurate three-dimensional
temperature profile. Sun et al. (152) showed that not only the LAM preheating
assists material softening and accordingly reduces the cutting forces but also such
effectiveness could be correlated with surface front temperature and optimised. As a
demonstration, they determined an optimised range of surface temperature for

Ti-6Al-4V, suggesting a minimised cutting force and thermal damage to the cutting
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tool. Shi et al. (236) developed a three-dimensional FEM model for investigating an
Inconel 718 rotating cylinder, which is being heated by a laser source and tool-chip
interface friction. They simulated the laser beam as a moving heat source,
calibrating it with the experimental values. The numerical validation was performed
by comparing workpiece temperature at various feeding rates and cutting speeds.
This numerical model was used for the investigation of plastic deformation due to
combined thermal and mechanical stresses, and the predictions were made for LAM

operation.

Based on FVM through FLUENT software package, a simulation model was
attempted by Abdulghani et al. (237) for analysing a rotating workpiece subjected to
a localised laser heat source with Gaussian distribution function. The study
examined the influence of laser power, laser scanning and rotational speed on
machining parameters for AISI51 50H steel. This work has clearly identified the
simulation possibility for modelling the transient thermal problem associated with
heated rotating workpieces. Nonetheless, the model validation was limited to data at
low rotational velocity (6 rpm), hence comprehensive analysis could not be

performed.

Thermal modelling with rotational workpiece poses considerable numerical
complexities and challenges. In technically overcoming these, LAThEM approach
(LAser THErmal Modelling), a methodology developed by the University of the
Basque Country) has been considered, which converts the combined workpiece
rotational and transitional velocities into equivalent single linear motion. Numerical
simulation is then performed using the transient conduction equation on a flat
workpiece with reduced complexities. Arrizubieta et al. (238) also reported an
extended numerical study on a heated rotating workpiece developed using LATHEM
methodology albeit with simplifying assumptions. The LATHEM approach
essentially converts the combined rotational and transitional velocity of workpiece
into equivalent single linear motion and solves the transient conduction equation on
a flat workpiece with reduced complexities. With satisfactory validation using
experimental data, this work concluded that this approach and the assumptions are
extendable for analysing rotating workpiece preheated behaviour in LAM. Table 2.6

summarise the current significant studies involving rotating workpiece and their key
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contributions in LAM, along with the typical parametric ranges and aspects

further investigation.

Table 2. 6 Summary of significant LAM studies and key aspects.

for

Author | Workpiece Setup Comments Study
Material Parameters Pattern
Dp=6.35 mm, )
Pfefferkorn Ceramic P=300-500W, No cuttlng_/ Laser Experimental
(232) ®=500-1500 rpm, | Pyrometer is used
D =2-4 mm
Rozzietal. | Silicon EPZ§O4§O?\TV With and without umerical
' o e : cutting / Laser
=500- and
(233) Nitride @=500-1500rpm, | ovrometer is used
D. =3 mm .
Experimental
Sharp cutting tool / N il
; umerica
Shietal Dp=60 mm, Thermography is
236 | Mconel 718 | P=3kW /04000 used ol usi and
rpm, D=2 mm FEM model using
package DEFORM | Experimental
3D V6.0
Rahman et | Beta Titanium | P=1.2kw, D_ =2 | Cutting near the Experimental
al. (129) alloy mm laser point / P
Thermography
Rozzietal. | Silicon op S0 M Control volume
(234) ' Nitride P=400-600W, method with Numerical
®=500-1500 rpm, | senarated phases
D, =3 mm
) Dp=20 mm, )
Abdulghani Steel P=200-1000W, FVM using Numerical
etal. (237) ®=100-900 rpm, FLUENT package
D =5 mm
Arrizubieta Bi-material Dp=39.6 mm, Numerical
et al. (238) (Steel and P=600-1000W, D, | LATHEM
: WC-17Co) | =5mm and
Green’s function Numerical
Dp=32 mm, with Visual Studio
Mostafaet | DIN1.7225 | P=275W&300W, | iatform and FEM and
al. (239) Carbon Steel | ®=115 rpm, model using
300rpm, Di=4 mm | ABAQUS/STAND | Experimental
ARD
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2.8 Concluding Remarks

The rise requests for special alloys such as titanium alloys in the manufacture of
engineered components have substantially increased the innovations and
developments in machining techniques. From the literature review presented in this
chapter, there has been enormous progress in the development of titanium alloys
machining. The review provides a comprehensive appraisal of the current state of
development in TAM techniques for improving the machinability of a board range of
HTM materials, including titanium alloys. It is identified that the main strategy of
TAM is to reduce yield strength and the work hardening effects of the workpiece.
Preheating of workpiece before initiating cutting process has indicated much more
effectiveness in increasing the machinability than other techniques used for HTM
materials. With appropriate workpiece heating in TAM, plastic deformation is
promoted in the cutting zone to reduce shear resistance at the cutting edge thereby
lessening the cutting force and specific cutting energy while improving surface finish

and tool life.

A detailed description (working principle, mechanism and research progress
and development) of three important TAM techniques (LAM, PAM and IAM) used

for titanium alloys can be summarised as follows:

(@) All three preheating techniques lead to a cutting forces reduction, extended
tool life and improved surface quality at different levels during machining of
titanium alloys;

(b) LAM is capable to reduce the generation of cutting forces up to 60%,
decrease tool wears about 20-30%. Furthermore, the surface quality obtained
by LAM is equivalent to those obtained by grinding process;

(c) LAM and PAM offer the advantages of rapid and localized heating with
sharp temperature rise in workpiece compared to induction heating
techniques;

(d) Laser or plasma beam offers the best controlling possibility and flexibility of
heat distribution in the workpiece.

(e) PAM is capable of decreasing cutting force up to 25%, with up to
40%extension in tool life with reasonable improvement in surface finish

when compared with conventional machining;
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(f Induction-assisted machining produces high capacity preheating, but unable
to provide concentrated and localized workpiece preheating;
(9) To Control preheat rate is quite easier in LAM than PAM and IAM.

TAM techniques have proven viability with improved machinability for Titanium
alloys and a board range of other HTM metals and polymers. LAM is noted to offer
the “best option” as a heat source for achieving highly localized and intense power
density for workpiece preheating requirements with the advantage of output
controllability. In essence, it can be concluded that the heating ability of LAM with
its focused beam is ideally suitable for machining Titanium alloys and other hard
materials. This technique allows a significant improvement in the machinability
with low cutting forces, increased MRR, less heat-affected zone, increased tool life

and superior workpiece surface integrity.

On the other hand, prevention of workpiece overheating is critical for
successful implementation of TAM that is to be ensured by estimating the peak
preheating temperature. As such, careful analysis of surface temperature and
workpiece temperatures distribution forms an essential research element in studies to
determine optimum preheating conditions and machining parameters. In achieving
these objectives, predictive thermal models are viewed to be essential for a clear
understanding of heat transfer processes associated with TAM, supported by further
experimentation. Therefore, this work presents experiments of heated a rotating Ti-
6Al-4V workpiece by using the CO2 laser machine in Chapter Three. After that,
Chapter Four presents the development of a numerical simulation to describe the
preheating thermal behaviour of a rotating workpiece subjected to laser spot as a

surface heat source in LAM.

62



Chapter 3

Experimental Methodology

3.1 Introduction

The experimental methodology of the current study is presented in this chapter. This
methodology includes details of the setup for each experiment. Then, an illustrative
description of the laser machine and surface temperature measurement technique are
also included. Finally, the reflection and emissivity tests are explained, and

associated results demonstrated.

3.2 Objectives

A literature review has shown that getting traditional titanium alloys machining is
never achieved without difficulties, due to the unacceptable thermal properties of
these alloys for instance, low thermal conductivity. Therefore, some methods have
to be used to reduce obstacles during machining of titanium-based alloys. In Chapter
two, three different techniques of TAM have been presented in detail. These
techniques have been applied to the machining of titanium-based alloys to improve
the machinability of these alloys. LAM has been selected to provide pre-heating to
the workpiece as this method has been proven effective in preheating in machining
many other HTM alloys. The PAM and IAM, on the other hand, have had limited
practical applications compare with LAM. The challenge for applying TAM is to
know the required surface temperature at the cutting zone that is as close to — or

better — than traditional dry machining.

This work aims to present a comprehensive understanding of heating the
rotating cylinder, by studying the temperature distribution at the surface during the
heating of the rotating metallic workpiece. Many researchers have reported different
methods to measure surface temperature in LAM. These studies were concluded at a
high range of generated power for laser beam starting from 500 W up to around 1200
W, with different degrees of success. In current study, the new technique has utilized
to simulate LAM for titanium alloy workpiece without cutting process. A Laser
Stepped Heating System located in the John de Laeter Centre at Geology

Department/Curtin University has been used as a thermal-assisted technique to heat
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specimens. This laser apparatus generates a laser beam with low power up to 55 W.
Based on the space under the laser nozzle, a small-scale rig has been designed and
manufactured at workshop of the Mechanical Department, to simulate the turning
process without cutting. To achieve the main research objectives outlined in Section
1.7, a number of experiments had been carried out. These experiments include
heating Ti-6Al-4V alloy cylindrical workpiece using laser beam with low power,

during rotating at different speed.

3.3 Design of Experimental

Three titanium alloy (Ti-6Al-4V) solid workpieces are prepared with different
surfaces and positioned in the developed test rig one by one, to model the small-scale
turning process. This method is adopted for the heated rotating cylinder to measure
a temperature of the surface and analyse the temperature distribution, as well as
providing variable heat transfer data of the heating process. The experimental
apparatus consists of the following parts: workpieces, test rig, laser machine, laser
control unit, IR camera, and IR camera control unit. Figure 3.1 indicates the
positions of each part of the apparatus inside the laser lab. The workpiece was
clamped between bearing and the DC spinning motor. To achieve a comprehensive
monitoring during the experiments, IR camera was used for detecting the
temperature at a surface of the workpiece. Additionally, the control system
(mechatronics) of the test-rig was designed to control a speed of the workpiece and

apportuse base in one dimension.

Previous researchers had carried out experiments under a high value of laser
power to analyse the heating process during the laser-technique for titanium alloys.
Due to some technical faults in the laser machine, the maximum value of the
generated power could be from 5.5 W to 27.5 W. Therefore, the experiments of this
research was conducted under low laser power. Prior to starting any experiment, the
setup parameters of both test-rig and a laser machine such as laser power, spot laser
diameter, laser scanning velocity, and rotation speed, are prepared at the desired
requirements for each experiment scenario. Each test includes shooting down a laser
beam to the workpiece's surface during its rotation. After a few seconds, the

corresponding value of the surface temperatures was measured using the thermal
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camera and its software. All measurements were made following the same
procedure, excepted the time between measurements. Furthermore, the camera is set
at emissivity value (0.5) and (0.5 m) the distance between the camera and titanium

alloy workpiece.

The experimental part of this work described in this chapter is split into four
stages. The setup parameters of these stages are listed in Table 3.1. The following
steps sequences are scheduled to carry out studying the distribution of temperatures
at the heated rotating surface. In the first stage, the workpiece of the painted surface
is heated with five values of the laser power at two different rotation speeds. The
thermal picture is taken every ten seconds by IR camera along the heating period.
The second stage is the same procedure as the first stage but for a sandblaster
workpiece. At the third stage, the sandblaster workpiece is heated by laser at power
13 W while moving the base of the test-rig at different linear speeds. Finally, in the
fourth stage, the laser power and laser scanning velocity are constant at 13 W and 20
mm/min, respectively; during heating sandblaster workpiece at various rotating

speeds.

Laser .

Control
unit for
IR
camera [N \Qge————— | e

: = Control
- unit for
laser

Figure 3. 1 The Experimental rig
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Table 3. 1 Setup parameters of the experiment stages

Stage -1-
Workpiece | Painted surface Heating | Fixed laser beam
Type Style
Spindle Speed (r.p.m.) Percentage of Laser | Measuring Time (Sec.)
Power
10 % 600
20 % 600
100 30 % 600
40 % 420
50 % 360
10 % 600
20 % 600
1000 30 % 600
40 % 420
50 % 360
Stage -2-
Workpiece | Rough surface Heating | Fixed laser beam
Type Style
Spindle Speed (r.p.m.) Percentage of Laser | Measuring Time (Sec.)
Power
10 % 600
20 % 600
100 30 % 600
40 % 480
50 % 480
10 % 600
20 % 600
1000 30 % 600
40 % 480
50 % 480
Stage -3-
Workpiece | Rough surface Heating | Moving laser beam
Type Style
Percentage of Laser Power 50 % Heating Length (mm) 40
Spindle Speed (r.p.m.) 100
Scanning Speed (mm/min) 20 30 40 50
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Measuring Time (Sec.) 120 72 60 48
Stage -4-
Workpiece | Rough surface Heating | Moving laser beam
Type Style
Percentage of Laser Power 50 % Heating Length (mm) 40
Scanning Speed (mm/min) 20 Measuring Time (Sec.) 120
Spindle Speed (r.p.m.) 100 200 500 1000

3.4 Test-Rig Components

This alternative test-rig is manufactured to simulate the preheating process of
rotating cylindrical workpiece. The test-rig for this research is consisted of two
sections, the first one mechanical and the other is mechatronics. These sections are
assembled together to achieve double movement (linear and rotational). According
to these two motions, many different scenarios can do to study the temperature

distribution at the workpiece surface.

3.4.1 Mechanical Design Consideration

Figure 3.2 describes the principle control circuit of the DC rotating motor, that
responsible for cylinder rotation in terms of increase or decrease the rotational speed.
At the beginning stage of manufacturing test rig, the mechanical section is including
the DC spinning motor (see Figure 3.3), a cylindrical workpiece from titanium alloy
with length (250 mm) & diameter (50 mm), and two set-screw locking bearings
(UCP 210 type) that clarified in Figure 3.4. All these parts are installed on the
movable metal base (upper base) that in touch with steel timing belt pulley (Figure
3.5) by the timing belt (Figure 3.6). On the other side, this pulley in touch with the
fixed metal base (bottom base) by a timing belt. The transition DC motor is
connected with the bottom base to transfer the motion to the timing pulley and thus

moving the upper base.
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Figure 3. 2 A functional diagram of the DC spinning motor control circuit.

Figure 3. 3 Motor for the Shaft Spinning

Figure 3. 4 Pillow Blocks with Concentric Locking and Cast-Iron Housing Bearing
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Figure 3. 5 Steel Timing Belt Pulley

Figure 3. 6 Contitech Synchrobelt HTD, Timing Belt

3.4.2 Control system (Mechatronics) design.

Figure 3.7 characterizes the functional diagram of mechatronics section, that
responsible for rotating speed and linear motion within a certain distance in
x-direction. The lever SPDT momentary switches and single DPDT relay board,
illustrated in Figure 3.8, are used to eliminate the movement of the movable base to
the right and left directions. To control the DC motors, two of the speed control
drivers, illustrated in Figure 3.9, are used to turn on/off both DC motors and to
increase/decrease the rotation speed for both. The desired spin speed determined by
measuring the number of cylinder revolution per a minute (rpm) via using digital
non-touch laser tachometer shown in Figure 3.10 (a). The detector of tachometer
detects changes in the frequency of the reflected infrared light as reflected alternately
by the contrast spot (black marker). In this experiment, the workpiece end is covered
with black adhesive tape to represented as contrast spot, as illustrated in Figure 3.10
(b). The rotation speed measured according to the number of frequency changes per
unit time. Both the electrical control circuits described in Figures (3.2) & (3.7)
provided with electric power by utilizing (12 V DC) power supply and illustrated in
Figure 3.11.
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Figure 3. 7 The functional diagram of DC transition motor control circuit
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Figure 3. 8 (a) Lever SPDT Momentary Solder Tail Micro Switch and (b) Single DPDT
Relay Board

Figure 3. 9 DC Motor Speed Control Driver
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Figure 3. 10 (a) Pocket Digital Laser Tachometer and (b) Contrast Spot

Figure 3. 11 The Power Supply for The Electrical Control Circuits

3.4.3 Fabrication Problems
There are many problems that occurred during the manufacturing process of a test-
rig. The following is an explanation of these issues and the timely solutions to

reduce their effects.

It was noticed during connecting workpiece with two bearings, that the diameter of
one ends of the shaft bigger than the other end. This workpiece came from the
supplier company with these inaccurate dimensions in the diameters. This leads to
making one of the bearings cannot install it with the workpiece. Moreover, the not
uniform shape (unsymmetrical mass) of the shaft will lead to unstable rotating
around the rotation axis. Therefore, the surface of the workpiece from the end of
(51.5 mm) has been machined and make the diameter equal (50 mm) by using lathe

machine.
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In the beginning of manufacturing process, the standard (high power) DC motor
9700 rpm for high speeds was used to rotate the workpiece around the x-axis.
However, this motor showed an inability to rotate the shaft more than 85 rpm. Due
to high torque requirement for rotating the workpiece. Consequently, it needs to
replace this motor with another one has torque higher than the torque of the first
motor. The standard motor has been replaced by Parvalux Brushed DC motor (90
W, 12 V dc, 3000 rpm) but the problem remained so that the motor cannot be spin
with high speed as required for more than 1000 rpm. According to all that, the
choice is made on using COMO drills DC motor (36.88 W, 12 V dc, 82.08 gcm,
4289 rpm). This motor connected with workpiece through its small shaft with a

diameter (6.35 mm), and spinning it with rotating speed up to 2150 rpm.

When assembling all parts and turn on the test-rig, it was noted that a clear
vibration during workpiece rotation. This vibration is unwanted because of its
effects on the stability of the heating spot over the surface, thereby leads to
inaccurate results. According to this, three things have been done to reduce vibration
as much as possible. Firstly, a length of the shaft (500 mm) is decreased and become
(250 mm) to minimise the sample mass. Secondly, one of the two bearings have
been removed as shown in Figure 3.12, which was helped to reduce friction between
bearings and titanium shaft. Finally, to slash the friction more, it was noted that
removing the contact seal from bearing, as illustrated Figure 3.13, led to the better

result decreasing of friction.

Figure 3. 12 Test Rig with One Bearing
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There is no
Contact Shield

Figure 3. 13 Pillow Blocks Bearing without Shield

The laser machine has a nozzle with a limit movement in four directions. In the
same time, the experimental procedure of some tests needs moving laser nozzle.
According to this situation, the nozzle is installed, and workpiece moved linearly by
making the upper base moves via using Como Drills DC Geared Motor, Brushed, 12
V nominal, 6 -12 V dc, 20000 gcm, 55 rpm, 41.3 W. After performing the trial
operation of the test-rig, it was noted that speed of the upper base faster than the
speed that wanted for experiments. Therefore, the DC motor is replaced with the
motor its type is 3827 6400RPM, DC 24V, 5.6 A MAX, as illustrated in Figure 3.14.
A JAEGER INDUSTRIAL Company manufactured this type of motor, which has
stroke length 69 mm and with speed of 8.5 mm/sec. By this motor, the slow speed

required is achieved.

DC Motor for
slow speed

Figure 3. 14 The 3827 6400RPM, DC 24V, 5.6 A MAX motor
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3.5 Workpiece Material

Titanium alloy Ti-6Al-4V (Grade 5) is chosen as the workpiece material because it is
readily available and most widely used in the industry. It is also generally accepted
as difficult-to-machine due to its unique thermo-mechanical properties. Table 3.2
shows the chemical composition of Ti-6Al-4V alloy. This alloy features good
machinability and unique in combines attractive properties such as, high strength-to-
weight ratio and its exceptional corrosion resistance. The physical, thermal and
mechanical properties are listed in Table 3.3 and Table 3.4, respectively. These
properties with inherent workability make Ti-6Al-4V lead to reliable and economic
usage. Moreover, the Ti-6Al-4V offers the best all-round performance for a variety
of weight reduction applications in different fields such as, chemical industry,
biomechanical, marine, and direct manufacturing of parts for aerospace. Specimens
test component are used for this experimental purpose. The shape of this specimen
is sold shaft with dimensions (50 mm) diameter and (250 mm) length, as shown in
Figure 3.15.

Table 3. 2 Chemical composition (Wt %) of titanium alloy Ti-6Al-4V (240).

(@) N C H Fe Al V Ti Others/total
0.20 | 0.05 | 0.10 | 0.0125 | 0.30 | 5.5-6.75 | 3.50-4.50 | Upto 90 0.4

Table 3. 3 Physical and Thermal properties of titanium alloy Ti-6Al-4V (6, 19, 240).

Physical Properties

Density 4.43 g/cc

Melting Range 1538 C—1649 C
Thermal Properties

Specific Heat Capacity 0.5263 J/g- C
Thermal Conductivity 6.7 W/m-K
Melting Point 1604 C—1660 C
Solidus 1604 C

Liquidus 1660 C
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Figure 3. 15 Geometry of the experimental sample test

Table 3. 4 List of Mechanical properties of titanium alloy Ti-6Al-4V (6, 19, 240).

Hardness, Rockwell 36
Hardness, Brinell — Estimated from Rockwell 334
Hardness, Vickers — Estimated from Rockwell 349
Hardness, Knoop — Estimated from Rockwell 363
Tensile Strength, Ultimate 950 MPa
Tensile Strength, Yield 880 MPa
Elongation at Break 14 %
Reduction of Area 36 %
Modulus of Elasticity 113.8 GPa
Compressive Yield Strength 970 MPa
Notched Tensile Strength 1450 MPa
Ultimate Bearing Strength 1860 MPa
Bearing Yield Strength 1480 MPa
Poisson’s Ratio 0.342
Charpy Impact 171
Fatigue Strength 240 MPa
Fracture Toughness 75 MPa-m™*
Shear Modulus 44 GPa
Shear Strength 550 MPa
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3.6 Laser System

Heating surface of titanium alloy shaft is achieved by using the laser machine
Fusions 10.6 Series. The photon machine is a Laser Stepped Heating System which
originally designed for geochronology analysis of minerals. This device (Diamond
C-55 Series) utilizes the carbon dioxide laser source (CO,) which produces a high
intensity laser beam with specific wavelength 10.6 um. The machine has the
capacity to irradiate circle surface area in diameter up to (6 mm) by using a field-
proven in the near infrared (IR) with output power from 2.5 W to 55 W. The power

becomes more stable after a few seconds from laser running.

Figure 3. 16 Photon Machine (C-55L CO; laser) (241)

The Fusions 10.6 Series is connected with PC computer to control the input
parameters (laser power, laser spot size, coordinates of the heating spot in (X, Y, Z))
to the photon machine. The laser of Fusions 10.6 Series classified as category of
Class 4 according to the US Food and Drug Administration. Thereby, this device
presents permanent damages to the eye (blindness) and skin (increased risk of
cancer) from direct or reflected laser beam exposure. Therefore, laser machine
installed inside a protective housing to protect persons who work close to it from
unnecessary laser radiation, as shown in Figure 3.16 ("Fusions 10.6 Series User
Manual,” 2010). The protective housing is fixed and not prepared to be removed by
the operator during operation or maintenance as well. For more safety, Fusions 10.6
Series installed inside glass container to protect from any laser reflection during the

heating process, as illustrated in Figure 3.17.
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Figure 3. 17 Fusions 10.6 Series installed inside glass container

The photon machine includes three subassemblies, coaxial beam delivery unit (laser
module), controller, and laser power module. This beam delivery unit consists of
many elements such as video/laser combing block, 6X motorized zoom

magnification video microscope, built-in power meter, laser and laser beam delivery
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optics, and a ring light. The assembly of laser module merges the CO, laser with the
video microscope imaging, laser targeting, spot size adjustment and lighting with the
(X, Y, Z) stages as shown in Figure 3.18, which in turn help to facilitate the purpose
of this machine. The Fusions 10.6 Series machine provides coaxial and coinciding
focal planes performance due to the independent focusing and alignment capability
of each the essential functions, imaging and lasing. This laser machine represented
as a unique beam-flattening technology because it converts the usual Gaussian beam
profile to a flat and uniform energy distribution across the test piece. There is no any
escape of laser light during heating process because the CO2 laser burns immediately
into the completely enclosed beam delivery unit. The flexible control on the
movement of both the expander lens and focusing lens inside combining block leads
to adjust laser spot size from 0.1 mm to 6.0 mm in diameter. The test piece lighted
by the ring light powered by a 150 W illuminator, thereby eliminates shadows that
can happen around heating area. The power needs for the laser of the Fusions 10.6
Series is provided by laser power module illustrated in the Figure 3.19, with inputs
240 VAC, 50/60 Hz and 6.3 A.

Colour CCD camera

Light-tight beam delivery unit

Beam output

Stages and mounting assembly

Figure 3. 18 Schematic diagram of a Laser Stepped Heating System (241)
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Figure 3. 19 The front and back panels for the laser power module

The laser module assembly has a limited motion (50 mm) on all axes (X, Y, 2Z)
above the test specimen (titanium alloy shaft) by using motion control tower, see
Figure 3.20. This tower houses all electronics parts that necessary to support the
laser module and all drivers requisite to control the motion in three directions as
well. The controller tower supports subassemblies of photon machine, power meter,
variable focusing lens unit, and video zoom microscope by an umbilical cable. The
inputs required for controller are 110 - 240 VAC, 50/60 Hz, and 3 A. Photon
machine (Fusions 10.6 Series) is runs and control on its motions by using Chromium
2.2 software, which installed on a desktop computer. This software is most powerful
packages available today and plays a role as a third party to integrate the controller
and driver to control the encoded and DC servo motors. Through this Laser Ablation
software package, the variable of illumination intensity can be controlled. The main
screen of Chromium software illustrated in Figure 3.21. The heating point of the
laser beam over the sample surface determines by inserting the values of three
coordinates X, Y, and Z in Position portion. The next step selecting the units of
dimensions (um or mm) which done through the Unit partition, then, pressed on the
(Go to) button and the navigating process finished, as shown in figure 3.22. The
laser module is navigated easily due to use the window of coordinates (Move Stages)
illustrated in Figure 3.23.
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Figure 3. 21 The main window of Chromium software
Mowve Stages 2
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Figure 3. 22 The move stages dialog in Chromium software 2.2
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In the Laser Control window of Chromium software (2.2) shown in Figure 3.23 (a),

the setup parameters of the heating process such as fire mode, laser power, and spot

size can be managed. This window appeared and activate after click on the line

titled "Laser Control™ positioned in the left edge of the main page of a software, see

Figure 3.7.

Through line labelled "Laser Energy” laser energy is given as a

percentage of the total energy value produced by this laser device, which is equally

as mentioned earlier 55 W. Chromium software provides many types of scanning by

the laser beam namely spot, line, area, and other types as depicted in Figure 3.23 (b).

Furthermore, the slider bar titled "Max Power Limit" played a good role to control

the power output of the laser, which is rescaled and keep it under the specified value.
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Figure 3. 23 (a) The laser control window in Chromium software (2.2)
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3.7 Temperature Measurement Method

There are many techniques to measure surfaces temperatures of objects such as
thermocouples, resistance temperature detectors (RTDs), thermistors and integrated
circuit (IC). Thermocouples are a simple technique and widely used to measure
surface temperature and inside temperature distribution for material objects as well.
Diverse types of thermocouples classified according to the measured range of
temperatures and measurement accuracy like (type J), (type K) and so on. These
types can measure temperatures over wide ranges, completely inexpensive.
Moreover, they are a very rugged sensor, however, they are a comparatively less
accurate comparison with other types of sensors, because of its lowest sensitive of
the output versus temperature change. On the other hand, thermocouples are least
stable as measuring tool especially in case of moving surfaces like rotating cylinder
even when using the slid bearings. This because of it difficult to keep the

thermocouples stationary due to centrifugal force resulting from rotation.

The operation principle of the RTDs is based on the electrical resistance of
material changes as its temperature changes. RTDs are stable, accurate and linear
more than thermocouples, yet it is less rugged and more expensive. In addition, this
technique can be used to measure a range of temperature from -200 "C to 800 C.
While, thermistors tend to produce a high signal outputs and rapid response time
because of its small sizes which permit fast response to temperature changes. The
output of thermistor depends on the fact that the resistance changes in a metal-oxide-
semiconductor material as its temperature changes. However, this technique
typically can be used to measure a limited range of temperature (-45 C - 260 C)
with better accuracy than it with a thermocouple. Finally, IC is the newly developed
technique to measure temperatures. This type of temperature sensor designed to
produce an extremely linear voltage or current proportional to temperature.
Nevertheless, IC sensors have a limited temperature range and typically are used to

measure temperatures from -45 'C to 150 'C.

From all the above and according to nature of the experiment test (space
under laser machine, the range of measured, temperature, and workpiece stability), it
can be noted that the four types of sensors are not suitable to use in this experiment.

Therefore, the focus is turned on using a non-contact technique to measure surface
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temperatures distribution. Non-contact measurement techniques are now established
throughout the entire world. This measurement method is the preferred technique
for moving and inaccessible objects; and dynamic processes that require a fast
response; and temperature more than 1000 °C. The thermographic camera FLIR
ThermoVision™ A40V is chosen for use as a non-contact tool in this work to
measure temperatures on a spin cylinder surface while heated by external heating
source. This thermal infrared camera is an intelligent infrared imaging camera for
accurate temperature distribution measurement. In addition, the program
ThermaCAM™ Researcher is adopted to establish a connection between software

and the camera, which is also used to monitor the recorded data.

3.7.1 FLIR ThermoVision™ A40V Camera

Recently, IR thermal camera is a well-established tool throughout the entire world
for the inspection of thermal events. The infrared camera is still the largest
application of thermography. The IR thermal imager serves as a quick temperature
scanning tool to identify hot spots on target objects. These cameras cannot
discriminate energy at 7 um from energy at 14 um the way the human eye can
distinguish various wavelengths of light as colours. ThermoVision™ A40 Series of
infrared cameras are a non-contact device affordable and precise solution for
industrial product and process monitoring. The A40 series can measure subtle
temperature variations, which is undetectable by any other means. Moreover, A40
cameras can find and resolve problems at an early stage, which improves product
quality and cut down on scrap or warranty expense. Thermal imaging camera has a
special lens used to focus the infrared light emitted by all the bodies in view. A
phased array of infrared-detector elements converts the detected focused light into a
very detailed temperature pattern (electronic signals). These signals are treated to
produce high-resolution and stand out clearly infrared images, which perform
temperature distribution and thermal calculations. Thermal imaging camera
ThermoVision™ A40V is one from this series with a fully-integrated system, as

shown in the Figure 3.24.

The A40V camera delivers crisp and longwave images in a multitude of
palettes because it has detector technology type of Focal Plane Array (FPA)
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uncooled microbolometer. This camera features plug-and-play setup which makes it
simply connect to standard monitor and produce real-time thermal images with
spatial resolution (IFOV) 1.3 mard. The infrared images accurately show heat
patterns and thermal anomalies. Due to onboard logic and menu-driven
configuration controls, it is easy to select and control many parameters, such as
target spots, temperature range, and image colour palettes. The lightweight (1.4 KQ)
with the compact design granted A40V camera flexibility to mount in various remote
locations, which possibly represent the optimal sites for data collection. The thermal
sensitivity at rated frequency (50/60 Hz) for A40V camera is 0.08 'C at 30 C.
Furthermore, the focusing process controlled by a built-in focus motor and done

within a spectral range from 7.5 um to 13 pm.

Figure 3. 24 The ThermoVisionTM A40V Camera

3.7.2 ThermaCAM™ Researcher

ThermaCAM™ Researcher is an official program in world of infrared imaging and
measurements. It is compatible with wide variety types of infrared cameras, and
Figure 3.25 shows the main window of this program. The main reason for using this
program is deal with live infrared images, which received through a camera interface
or from other media, such as PC-Card hard disks from ThermaCAM cameras.
Researcher program supports four hardware configurations namely: PC-Card camera
interface, parallel camera interface, a FireWire interface, and an IRFlashLink
interface. The running of this program requires specific versions of Microsoft
Windows such as Windows 95/98/ME, Windows NT 4.0 (service pack 3 or higher),

and Windows 2000/XP (depend on the type of interface). The program can display
84



infrared images, record them on disk and analyse them afterwards during their
replay. In addition to that, providing directly values of the measurement result from
the live stream of images that do not need to record. The information could extract
from this program by using an automatic way of transferring information which is
known as OLE. OLE is a Microsoft standard that helps to link and automatic

updating data between image and temperature information from Research program

into other compliant applications, for example, Excel and Word.
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Figure 3. 25 Main Window ThermaCAMTM Researcher

ThermaCAM™ Researcher uses a set of predefined screen layouts, one for each type
of thermal information, therefore, it has a powerful analyse thermal performance.
The built-in measurement functions in this program provide extensive temperature

analysis tools namely: (i) isotherm, (ii) spot measurements, (iii) area and line
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measurements. The results that come from these tools can be shown within the
infrared images and many windows, such as profile window, histogram window,
result table window, plot window. All temperature results and image properties are
analysed by using custom mathematical formulas. Furthermore, Researcher program
can fully control on all functions of infrared camera, such as focus, level and span
adjustment, temperature range adjustment, and colour palette; from the moment
connected to a PC displaying a live image. This program has the capability to stores
and retrieves temperature information digitally, such as static and real-time infrared
images, live IR video sequences, and dynamic high-speed events. All these can get
it directly from ThermaCAM cameras, thereby allowing in-depth and precise
analysis of thermal events. Thus, ThermaCAM™ Researcher provides an
automation interface through its functions that makes it ideal for integration into

automation/machine vision applications.

3.8 Reflection Test

As mentioned in section (3.6), dealing with a laser (class 4) needs high-level of
safety to avoid numerous health and safety hazards. Therefore, special precautions
must be observed when operating a laser machine (Fusions 10.6 Series). One of
these precautions is to test the reflection of the laser beam after it is hitting the
surface of the workpiece. Reflection test is an essential technique to assess knowing
laser beam reflection by installing white sheets around the workpiece underneath the
laser nozzle as shown in Figure 3.26. After that, the laser machine has been turned
on with laser power; starting at 5 % till reached 45 % of the total power without
rotating workpiece (static test). In each heating trial, the laser power is increased 5
% with a constant distance between laser nozzle and workpiece. In the same time,
the white sheets have been examined visually by a naked eye, looking for any
burning effects due to the reflection of the laser beam on it. Then, the same

procedure was repeated but with rotating the workpiece during preheating shots.
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Figure 3. 26 Preparations for Reflection Test

The results of the visual inspection showed no any burned spot or line appeared in
white papers. That means there is not any laser reflection occurred during the
heating process until used laser with power 50 % or more. Which the burned lines,
illustrated in Figure 3.27, appeared because of the presence of scratches and cavities
on the workpiece’s surface, which have higher emittance values compered to flat
surfaces on the same workpiece. The degree of surface finish plays an important
role in increasing or decreasing the emissivity of the workpiece surface, at the same
time, the reflection of laser beam. The reflection of most laser power from the
surface is mean; a small amount of laser power will transfer to inside the workpiece.
As a result, the surface temperature will not rise, and the surface of workpiece
remains cold. This indeed what happened after the test of the laser beam reflection.
According to this, the surface of a workpiece was machined by using CNC lathe
machine to remove all scratches. On the other hand, the surface finish improved
more causing increase the surface emissivity, which led to increasing the reflection

of laser beam when repeat this test.
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Figure 3. 27 Laser Reflection Sign

3.9 Emissivity Test

Knowledge of surface emissivity (by scientific convection properly called emittance)
is important both for accurate non-contact surface temperature measurement and for
heat transfer calculations. Emissivity is a complex term describing the efficiency
with which a material radiates infrared energy in a defined waveband and at a given
temperature. Emissivity is defined as the ratio of the energy radiated from a
material’s surface to that radiated from a blackbody (a perfect emitter) at the same
temperature and wavelength and under the same viewing conditions. Most solid
objects exhibit very low transmission of infrared energy, therefore, the majority of

incident energy is either absorbed or reflected.

The objects that do not transmit energy have a simple balance between
emissivity and reflectivity. The infrared energy emitted by a body differs according
to the composition of the body and to the physical condition of the surface (19). For
instance, a clean and polished metal surface will have a low emissivity (emit
inefficiently), whereas the oxidised metal surface has a better value of the emissivity
(more efficient emitters). The material emissivity depends on the nature of the
surface. Thermal emissivity strongly depends on numerous factors including
workpiece condition, the workpiece temperature, the wavelength of radioactive
waves, the surface of the object that considered form and general geometrical
features and of course the thickness of the object when it is translucent (242).
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Moreover, emissivity is related to the optical and electrical properties of the
materials, and it is a key parameter required in heat transfer calculations for several

industrial applications, for example, in aerospace and aircraft components (19, 243).

Many facilities about emissivity measurement have been described in the
literature over the past decades. The methods of these facilities can be broadly
classified into two categories: indirect and direct emissivity measuring methods.
Indirect measuring refers mainly to the reflection method in which the emissivity can
be calculated based on the Kirchhoff’s law by measuring the reflectivity and the
transmissivity of the sample. Direct emissivity measuring method is based on the
definition of emissivity by measuring the radiance of the sample and blackbody at
the same conditions (e.g. temperature, wavelength and angle), in which the

emissivity is computed as the ratio of the two measuring values.

On heat transfer occasions the surface emissivity can be used as a property
that can be measured by a non-contact technique. Although most often used as an
off-line measurement, it has occasionally been used in. As a non-contact mainstream
method, radiation thermal camera is widely used in many industrial applications due
to its advantages of high response speed, high accuracy, and non-contact
measurement. IR camera is one of a few methods to estimate or measure the
emissivity value of an object’s surface. The accuracy of this camera mainly relies on
the emissivity of the surface of the object. Uncertainty in the emissivity
measurement could cause a large error in monitoring the temperature (244, 245).
Emissivity of a sample should, therefore, be measured during the temperature
measurement process and the effect of nature and type of the surface on the

emissivity needs to be taken into account.

As a result of the reflection test, the emissivity value of the workpiece surface must
be measured, improved to reduce the reflection of laser beam after heating
workpiece. No measurements can be found about the effect of surface nature on the
normal spectral emissivity of Ti-6Al-4V titanium alloy. However, a number of
observations can be available about the effect of surface oxidization on the spectral
emissivity of this titanium alloy in the literature (242), in which some strong

oscillations were observed during the heating period. To increase the emissivity for
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any material surface, there are different methods have been used for the emissivity

evaluation, which is listed as follows:

1) Apply a thin layer of tape

2) Stratify a thin layer of paint, lacquer, or other high emissivity coating
3) Apply a thin coating of baby powder or foot powder

4) Stratify a thin layer of oil, water, or other high emissivity liquid

5) Apply a surface treatment such as anodizing

6) Roughen the surface (may require substantial roughening)

For this work, two of the above methods (2 & 6) have been used to develop the
thermal emissivity of titanium alloy workpiece. In addition to the shiny workpiece,
two other titanium alloy workpieces have been made with black-painted surface and
roughed surface. The shiny surface was made after polishing the workpiece with
Wet & Dry P1200 emery paper grits, then it was buffed with a cloth & brass
compound. The sand-blaster machine, illustrated in Figure 3.28, has been used to
produce rough surface for the second workpiece. For the sandblaster, the grit size
100/300 microns of silica sand was used at 90/100 psi operating pressure. The
surface roughness of a second workpiece is 5.61 um, which is measured by using
TalySurf device and the precision reference workpiece, shown in Figures 3.29 and
3.30 respectively. While the roughness of the polished surface is 0.2 um. The third
workpiece of Ti-6Al-4V alloy was painted with heat resistant paint black colour for
high temperature. This type of paint is heat resistant 100% silicone based flat
finishing coat especially designed for use on metal surfaces subject to extreme heat
up to 540 'C. The surface was thoroughly cleaned and free from dirt, rust scale, and
other contaminants. Where it wiped the surface with mineral turps and allow to dry

before painting at the room temperature.
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Figure 3. 29 TalySurf device to measure surface roughness
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Figure 3. 30 The precision reference specimen

There have been many studies of titanium alloy emissivity, but the heating modes,
wavelengths of the infrared measuring temperature, and temperature ranges differed
from those used in this test (245), so it was difficult to choose a published emissivity
value to calculate the temperature. The manner of making the test is extremely
simple. This test includes measuring thermal emissivity of three workpieces of Ti-
6Al-4V alloy with different surface such as, shiny, rough and painted. In this
empirical test, emissivity evaluation of a commercial Ti-6Al-4V workpiece is
attempted using a thermocouple (type K) and thermometer-based temperature
measurement system. As illustrated in Table 3.5, thermocouple (type K) is the most
common general-purpose thermocouple with a sensitivity of approximately 41
uwV/°C. A high accuracy infrared thermo camera of type ThermoVision™ A40V is
used to obtain the emissivity of the workpiece’s surface. Finding the unknown
thermal emissivity value of a target object has always been a test challenge when

performing IR thermography analysis.

Table 3. 5 Characteristics of K-Type Thermocouple

Type K

Material Chromel-alumel
Temp. range °C (continuous) 0 to +1100
Temp. range "C (short-term) -180 to +180

+1.5 between -40 'C and 375 C
+0.004xT between 333 'C and 1200 C

+2.5 between -40 C and 333 C
+0.0075xT between 333 'C and 1200 'C

Curie Point 354

Tolerance class One (°C)

Tolerance class Two (°C)
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A simple method is set up to quickly test the emissivity with an infrared thermal
imaging system within a small distance according to the theory of measuring
temperature by infrared system. A heated element radiates heat down onto the
surface and the surface layer of workpiece reflects the heat toward a lens of the
thermal camera. The amount of heat reflected is dependent upon the type and the
structure of the surface. The emissivity test includes heating titanium alloy (Ti-6Al-
4V) shaft with hot-air by using a heating gun shown in Figure 3.31 (a). Then,
thermometer with a thermocouple (type K) are used to measure the temperature of
the workpiece surface, see Figure 3.31 (b). Finally, the ThermaCAMTM Researcher
is used to calculate the emissivity between 25 °C and 120 °C from an adjacent
distance (0.5 m) between the IR camera and workpiece. Emissivity test is practical
and easily implemented and includes three stages, the first stage contains heating
workpiece with a shiny surface. The second stage concentrates on the heating
workpiece that its surface roughed by Sandblaster. While the third stage dedicates

on the heating workpiece after painting the surface by black paint.

Figure 3. 31 (a) The heating gun and (b) The thermometer

This kind of spectral emissivity measurement can be easily done when there is some
kind of contact-type- temperature sensing acquisition working in parallel with the IR
thermal imager. The emissivity values of the workpieces are carried out on a self-

made, and the schematic diagram of the spectral emissivity measurement device is
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shown in Figure 3.32. The procedure for this test is as follow: clean the workpiece’s
surface from any dirt or stains if possible, using a piece of dry cloth. Next, start
heating at a certain selected point on the surface of the workpiece, as illustrated in
Figure 3.32. The heating process was an intermittent process, at each stop the
surface temperature has been measured manually, as shown in Figure 3.33. This
temperature has been inserted into the camera software, at the same time, the
radiation emitted by the workpiece surface is detected by a lens of the thermal
camera. The ThermoVision™ A40V has been setup at emissivity (1.0) and (0.2 m)
distance between the IR camera and specimen. The above procedure is the same to

calculate the emissivity for all three workpieces surfaces.

IR Unit

Shiny
Workpiece
Painted | - Rough
Workpiece Workpiece

Figure 3. 32 Setup to measure the emissivity of titanium alloy workpiece
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Figure 3. 33 Measuring surface temperature

According to the principle of emissivity measurement introduced earlier, the results
are show temperature — emissivity relation. Figure 3.34 shows the relation between
the temperature at the polished (shiny) surface and the emissivity of this surface.
From this figure, it can be noted that the emissivity starts with a small value (0.26)
and gradually decreased with increasing surface temperature. This is attributed to
the condition of the surface, which is quite clean and bright like a mirror, therefore, it
emits low levels of radiant thermal (heat) energy.
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Figure 3. 34 The relation between temperature and emissivity of the shiny surface
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On the other hand, Figure 3.35 illustrates how the normal spectral emissivity of the
painted surface changed with increasing the surface temperature. From this figure, it
can be seen that the surface emissivity increased with increasing the temperature of
workpiece surface till reached up to 0.91 at temperature around 64 °C. Above this
temperature the emissivity starts decreasing sharply in the same time of temperature
rising. This could be attributed to differences in the structure of the black paint

layer.
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Figure 3. 35 The relation between temperature and emissivity of the black surface

Finally, Figure 3.36 illustrates the variation in the emissivity values by increasing the
surface temperature of the Ti-6Al-4V alloy workpiece that has a rough surface. It
can be noted that the emissivity increased with increasing of temperature till reached
to 0.63 at temperatures around 75 °C. However, the emissivity value decreases
significantly after this temperature with increasing surface temperature. A slight
peak is found at about 64 °C and 75 °C in Figures (3.35) & (3.36), respectively. In
overall, the rising and decreasing of thermal emissivity for both painted and rough

surfaces of this alloy look similar. However, there is a clear difference in the shape
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of the increasing part, where there is fluctuation in emissivity values with the surface
temperature increases. The possible reasons for the changes in emissivity were
generally considered to be variation of composition, change in surface morphology.
It is worth noting that, the emissivity at the given temperature in 25 C - 120 °C

approximately follows a linear rule as a function of temperature.
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Figure 3. 36 The relation between temperature and emissivity of the roughed surface

In conclusion, this test has studied the behaviour of spectral emissivity as a function
of surface temperature using the present experimental setup. According to the
principle of emissivity measurement introduced earlier, the results are shown in
Figures (3.34), (3.35) and (3.36). As expected, the normal spectral emissivity for the
shiny workpiece was small value and this explain why most laser beam reflected
from the surface during reflection test. While a quite difference in the experimental
values were found between black-painted and roughed workpieces with similar range
of the temperatures. The physical surface change that can explain this apparently

anomalous behaviour is the presence of surface stresses generated during the
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machining and grinding of the workpieces. Finally, black-painted surface has higher

emissivity and absorptivity than the roughed surface.

3.10 Summary

In this chapter, a small rotating shaft test-rig has been created for heating condition
monitoring based temperature distribution measurements. This set up has been
designed to facilitate improvements in condition monitoring methods for the early
estimation of the heating temperature of the laser-assisted technique. Thereby it will
help to estimates the depth of cut for the lathe process. The test-rig instrumentation
includes the provision of techniques for surface temperature measurements for
monitoring heating rotated subject as well as the possibility of developing advanced
methods for understanding temperature distribution behaviour during various

preheating scenarios.

In order to check the variation of the emissivity during the heating process, a
simple experimental method for infrared spectral emissivity measurement which
consists mainly of the following three parts: Ti-6AIl-4V alloy workpiece with a test-
rig, simple heating tool (thermal gun) and Thermo-Camera. The emissivity
measurements of this titanium alloy are performed at different temperatures and
different types of surfaces, and the data trend is well consistent with the general rule
of metal emissivity.  The spectral emissivity for several temperatures has been
plotted in figures (3.34), (3.35) and (3.36). It is remarkable that, between 25 °C and
117 °C, the emissivity goes through a maximum up to 0.91 for painted, while it is

0.63 for surface treated by sandblaster.

All experimental work presented in this study were conducted on a Laser
Stepped Heating System manufactured by Photon Machines Inc., USA. It is a three-
axis machine with (50 x 50 x 50) mm axis strokes along the x-, y-, and z-axes
respectively. This machine utilizes a CO2 laser source which can produce a high-
intensity laser beam in the near infrared portion of the spectrum. The influence of
heating rotating solid cylinder by laser beam on the surface condition has been
presented in this chapter. Two workpieces with diameter (50 mm) and length
(250 mm), have been utilized for modelling small-scale turning process. One

workpiece has been painted with heat resistant paint black colour for high
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temperature, while the other workpiece has been carried out on sandblaster machine

to get rough surface.

Through the aforementioned scenarios of the experimental study, it is clear that the
experimental method has provided limited scope for improved comprehending of the
thermal impact from laser preheating for a rotating workpiece. Thus, it is difficult to
understand the preheating thermal behaviour of a rotating workpiece subjected to
laser spot as a surface heat source, and heat dissipation to the ambient by combined
modes of heat transfer in LAM. Therefore, in the next chapter (Chapter Five),
appropriate numerical modeling processes have used to offer high precision
understanding and flexibility to predict the accurate setup of LAM.
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Chapter 4

Experimental Analysis

4.1 Introduction
This chapter displays the results for each experiment of heating titanium alloy
(Ti-6Al-4V) workpiece by a laser beam during the rotation. Then, the underlying

trends of the analysis present experiments identified and discussed, as well.

The present experiments are designed to investigate the effect of LAM parameters,
such as laser power, rotating speed, and heating style, on temperatures distribution
and heat transfer rate at the rotating surface. The Ti-6Al-4V cylindrical workpiece
has heated by a laser machine that generating a laser beam with low power (up to
27.5 W). Surface temperature measurements have been monitored and measured
through the ThermoVisionTM A40V Camera, which is placed 500 mm away from
the rotating workpiece, as illustrated in Figure 4.1.

Ti-6Al-4V Laser
Workpiece Machine

Thermal
Camera

Figure 4. 1 The Experiment Setup
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Two workpieces of titanium alloy with different surfaces (rough and black-painted)
are used for this empirical work. All experiments included heating the surface layer
by a low power laser beam during rotation of the workpiece. Additionally, two
scenarios are followed in these current experiments, namely as stationary laser
heating and moved laser heating. For the remainder of the experiments of the
current research (section 3.3), the experiments conducted in four stages: the first
stage includes heating rotating painted workpiece by a stationary laser. The second
stage comprises heating a rotating rough workpiece by a fixed laser beam. Whereas,
the third stage includes heating a rough workpiece by moving a laser beam with
various scanning velocities. Finally, the fourth stage conducts heating with constant

scanning velocity and at different rotation speeds for a rough workpiece.

4.2 Emissivity and Temperatures Correction

All experiments have conducted at a constant value of thermal emissivity (0.5).
Consequently, a correction of the practical results was performed to obtain more
accurate values. The correction process for the current work has been conducted in
two stages, as illustrated in Figure 4.2. The first stage includes thermal emissivity
correction, while the second stage contains surface temperature correction.
Emissivity correction has started with fitted the spline for rough and painted surfaces
through the datasets of the emissivity test (section 3.9). The data of surface
temperatures have collected through converting thermal camera images into Excel
data. Some of the thermal images are shown in Figures (4.3), (4.4), and (4.5), which
have taken at different values of the setup parameters such as, spinning speed,
scanning speed, laser power, and heating time. Further, Figures 4.6 to 4.11 show the
results of laser experiments for both sandblaster surface and black painted surface.
By using MATLAB, the local emissivity values were estimated utilizing data of laser
heating tests with a fitted spline. After that, the local thermal emissivity has been
used to estimate the correction factor, which in turn utilized to calculate the corrected
surface temperatures. The corrected temperatures are presented and discussed in the

following section.
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Emissivity tests:
various surface
finishing

Fitted spline through
each dataset

Camera sensitivity
against adjusted
emissivity value
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Correction
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Temperatures are
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Laser heating
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Local
emissivity
values are
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Uncertainty

Figure 4. 2 Flow diagram of the emissivity and temperatures correction

Figure 4. 3 Camera images for heating sandblaster (Ti-6Al-4V) workpiece by moved laser
(a) at 100 rpm, 50 % LP, 40mm/min, 35 sec; and (b) at 500 rpm, 50% LP, 20mm/min, 65 sec
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(b)

%B5C

(c) (d)
Figure 4. 4 Camera images for heating sandblaster (Ti-6Al-4V) bar by stationary laser: (a)
at 100 rpm, 20 % LP, 310 sec; (b) at 200 rpm, 30 % LP, 310 sec; (c) at 500 rpm, 40% LP,
310 sec; and (d) at 1000 rpm, 50 % LP, 250 sec

B0 6°C

B5C

MR

(© (d)
Figure 4. 5 Camera images for heating painted (Ti-6Al-4V) workpiece by stationary laser:
(a) at 100 rpm, 10 % LP, 310 sec; (b) at 200 rpm, 20% LP, 310 sec; (c) at 500 rpm, 30 % LP,
310 sec; and (d) at 2000 rpm, 40 % LP, 220 sec
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Figure 4. 6 Black-painted workpiece heated with different laser power (LP) at 100 rpm
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Figure 4. 7 Black-painted workpiece heated with different laser power (LP) at 1000 rpm
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Figure 4. 8 Sandblaster workpiece heated with different laser power (LP) at 100 rpm
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Figure 4. 9 Sandblaster workpiece heated with different laser power (LP) at 2000 rpm
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Figure 4. 10 Sandblaster workpiece heated with moving laser at 100 rpm & 50% W
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Figure 4. 11 Sandblaster workpiece heated with moving laser at 20 mm/min & 50% W
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4.3 Discussion and Parametric Analysis

Generally, it expected that an increase in the laser power and rotating speed gives
rise to a corresponding increase in the rate of heat transfer. The increase in surface
temperature is equivalent to an increase in laser power, while, increasing the rotation
speed is accelerating heat transfer especially convection heat transfer. The analysis
of current experimental data of workpiece surface temperatures is achieved through
three sections to study the effect of laser power, rotation speed, and scanning
velocity of the laser beam, as shown below:

4.3.1 Thermal effect of laser power

At first, the analysis is simplified by examining only a value of the presented laser
power, limited to a rotating speed and laser spot diameter. Figures (4.12) and (4.13)
show the variation of surface temperatures with heating time for rotating titanium
alloy workpiece painted with Black paint, at 100rpm and 1000rpm, respectively.
These figures clearly show the temperatures has increased with increasing the power
of the laser beam from 10 % to 50 % of the total power (55 W) that generates by
laser machine. This increase in surface temperature with increasing of time is
attributed to the increase in the exposure time of a workpiece surface by the laser
beam, which occurs during constant rotating speed. Further, it can be observed a
slight fluctuation in increase the temperature due to the possibility of the presence of
some scratches or dust. Lastly and most importantly, at the highest laser power, it is
evident that there is thermal equilibrium in the region of the heating. Means the heat
that hits on the workpiece surface through a laser beam equal the heat transfer inside
the workpiece (conductive heat) and thermal loss from the surface (convection and
radiation heat). Therefore, no reduction or increase in the heat transfer rate at that

value of laser power.
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Figure 4. 12 Corrected surface temperatures for black-painted workpiece heated with
different laser power (LP) at 100rpm
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Figure 4. 13 Corrected surface temperatures for black-painted workpiece heated with
different laser power (LP) at 1000rpm
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Figures (4.14) and (4.15) illustrate the behaviour of surface temperature during
heating a workpiece has a sandblasted surface, and which, spinning at two different
speeds. Obviously, from these figures, the sandblaster surface temperatures are
lower than the temperature of the black-painted surface and take a longer time to
rise. The shape of the curves of increasing surface temperature quite different from
those curves for workpiece has black-painted surface. Additionally, a clear
fluctuation can be observed in temperature increases compared to the black-coated
surface due to the rough surface nature. Finally, the last point of each curve in
Figures (4.5 — 4.10) and (4.12 — 4.15) represents the surface temperatures,
immediately after turning off the laser beam.
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Figure 4. 14 Corrected surface temperatures for sandblaster workpiece heated with different
laser power (LP) at 100 rpm
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Figure 4. 15 Corrected surface temperatures for sandblaster workpiece heated with different
laser power (LP) at 1000 rpm

4.3.2 Thermal effect of rotational speed

The thermal behaviour of the process is majorly determined by influence of the laser
heating and convective loss, due to rotation. The convection intensity is a variable
which could be adjusted within functionality of the apparatus. Considering the
uncertainties involved in the test procedure, the small surface temperature variations
are expected to be overshadowed with lack of accuracy and therefore the distinction
should be large enough to be clearly discerned. The test was carried out for (100,
200, 500 and 1000) rpm and results indicated comparison between 100 rpm and

1000 rpm exhibiting sufficient deviation to explain the effectiveness of convection.

Figure 4.16 represents the transient surface temperature of black-painted workpiece
for various laser powers and rotational speeds. The black-painted surface, as earlier
mentioned, has higher emissivity and absorptivity and therefore the laser source has
higher heating influence. Lower laser power and heating intensity allows the effect

of convective cooling to be distinguishable. Observing the case with 10 % laser
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nominal power, workpiece with 1000 rpm rotational speed is found to have a lower
surface temperature. Nevertheless, as heating power ramps up heating is becoming
more dominant and the distinction is gradually less observable, within operating

conditions and reading accuracy.
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Figure 4. 16 Comparison of transient surface profile, Black-painted surface at various
rational speeds

The results of black-painted sample broadly signal the contribution of comparison is
more observable at the lower surface temperature meaning when the heating power
or surface absorptivity are lower. This conclusion is reconfirmed when the roughed
(sandblaster) surface sample, with lower absorptivity, was examined under the
similar conditions. Figure 4.17 compares thermal behaviour of sandblaster surface

sample while rotational speed and laser power are varying.

The result for this test clearly exhibits more effective convection at the higher
rotational velocity, as theoretically expected. The enlarged gap between two cases of
rotational speed gradually shrinks as the heating (i.e. laser) power is intensified; yet,

effectiveness of convective cooling, at higher rotational speed is well evident.
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Figure 4. 17 Comparison of transient surface profile, roughed surface at various rational
speeds

4.3.3 Thermal effect of scanning velocity

To identify the temperatures variation during moving laser beam, Figures (4.18) and
(4.19) illustrate the increase and decrease surface temperatures during heating
roughed workpiece. Figure 4.18 shows the variation in rotating surface temperature
heated by moving a laser beam with different scanning velocities, while, Figure 4.19
illustrates the changes in temperatures during increase rotation speed. From Figure
4.18, it is noted that the curves are shifting to the left, this attributed to shortening the
heating course with increased scanning velocity for the laser beam. The temperature
decreases with increasing scanning speed due to a decrease in laser projection time,
thereby, decreases the amount of heat transferred to the workpiece surface.
Moreover, the highest temperatures have been achieved during scanning a laser at

speed of 20 mm/min.

Figure 4.19 shows the change in rotating speed has a pronounced effect on
increases and decreases of the surface temperatures. The increasing in rotation speed
caused decreasing the surface temperature, due to increasing air velocity over the
workpiece surface, that way, increase the heat transfer rate (convection heat

transfer). Furthermore, it can see that the maximum temperatures have recorded at
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the period from the 40 s to 60 s from the time of the entire course of laser scanning.
After that, away from laser heating, the temperature has gradually decreased because
of the workpiece surface undergoes cooling, which is primarily controlled by surface
thermal radiation and rotational heat convection.
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Figure 4. 18 Corrected surface temperatures for sandblaster workpiece heated with moving

laser at 100 rpm & 50% W
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Figure 4. 19 Corrected surface temperatures for sandblaster workpiece heated with moving
laser at 20 mm/min & 50% W
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The figures (4.5) to (4.10), however, demonstrate the corrected surface temperature
behaviour during all three experiments. Comparing with the results of the tests
(section 4.3), there is no significant difference can be observed in increasing or
decreasing for the temperatures. Which in turn confirms the accuracy of the results

obtained from experiments.

4.4 Summary

At instances when the workpiece surface exposed to laser heating, the magnitude of
temperature peak is predominantly determined by the combined effect of heat
absorption at the heated area and the heat penetration into the Ti-6Al-4V workpiece
body. This increase in workpiece surface temperature was observed for both cases
heating black-painted surface and rough surface. The transient behaviour of
workpiece surface temperatures depicted in Figures (4.12) to (4.15) clearly linked to
the operating heat transfer modes. As expected, the surface temperature has
increased with increasing the power of the laser beam. The increase in laser power
has accompanied with an increase heating time, which have had a positive effect on
increasing surface temperatures. From Figure 4.18, it observed that the peak surface
temperature decreases with the increased laser traverse velocity. This follows the
physical trend as faster laser scanning velocities provide shorter surface exposure to
laser heating, thus giving decrease to lower local temperatures. Moreover, the
increase in rotating speed has a similar effect of increasing the laser traverse velocity
on the peak surface temperature. This follows the physical trend as slower
workpiece rotating speed provide a slower air-cooling, thereby, reducing the effect

of convection.
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Chapter 5

Numerical Simulation Methodology

5.1 Scope of Chapter

A proper understanding of heat transfer phenomena and appropriate prediction of
thermal behaviour is a key concern for a wide range of manufacturing processes such
as during preheating in LAM processes. Temperature range, in such application, is
commonly high enough to originate significant micro-structural influence and cause
variation in material properties, machining results and production outcome. As
illustrated from the experimental work in the Chapter Three, experimental
techniques are not sufficient method for measurement of the thermal and structural
parameters, since the experimental accessibility is limited, and variations have a
significantly fast rate. Overcoming the current experimental limitations, the current
study develops a new three-dimensional numerical model, which is validated against
published data. This model is utilised to investigate transient thermal behaviour of

the rotating cylindrical workpiece heated by a laser beam as a heating source.

This chapter introduces the theoretical background associated with the
research topic and involves the use of ANSYS FLUENT along with finite volume
method (FVM), modelling flow in a moving zone and artificial neural network
(ANN). The modelling requirements and associated sensitivities are discussed in
detail considering parametric variations, followed by validation of the model against
the previous experimental data. The thesis’s emphasis is on the manifesto of valid
numerical modelling. The importance of this 3D model is to obtain not only the
surface thermal profile but also the thermal diffusion pattern inside the workpiece,
which is crucial for manufacturing and quality assurance. Utilising the thermal
computational model (TCM), feasibility and accuracy of the artificial neural network
(ANN) model have examined as an alternative to regression. The low-order function
fitting (LOFF) tool has been trained by TCM results and allows fast, lower

computational resources and accurate thermal mapping.
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5.2 Introduction

Review of experimental studies (section 2.7) reveals the thermal behaviour of a
rotating workpiece, heated by a laser beam, is influenced by a wide range of
parameters such as material properties, operational parameters, and laser
characteristics. These parameters are obviously cannot be investigated
simultaneously through an empirical procedure. Many studies have been conducted
toward the development of reliable analytical models by simplifying the problem at
the cost of assuming some thermal and material details as negligible. Numerical
modelling study classified and considered as the most versatile, comprehensive and
affordable tool of analysis. To achieve an optimised level between accuracy and
computational resources, the solver elements and setup must be tested for

verification, validation and sensitivity analysis.

The current research applies one of the most robust and reliable discretisation
methods for computational analyses, which is a FVM, to estimate thermal conduct of
a LAM rotating workpiece. The FVM and Ansys FLUENT as the choice of
framework and platform respectively and utilises the model to carry out a thermal
analysis. FVM method has been appraised and cited as one of the best schemes for
handling conservation equation including energy diffusion with embedded heat
sources. More specifically to the current application, a rotation of the field could be
well simulated by application of single rotating reference frame (SRRF) for a sole
diffusion heat transfer problem through a solid medium. The sole thermal diffusion
is sufficient to emulate physics of the three-dimensional solid zone of solution
whereas combined thermal boundary condition (i.e. convective and radiative
cooling) requires a more complex temperature dependent formulation. Beyond
numerical accuracy and robustness, Ansys FLUENT is utilised for the ease of
implementation, compatibility of the solver with other multi-physics platforms (e.g.
FEA modules for thermos-structural behaviours) and versatility of the applied code

for essential customisation are the other anticipated benefits from the package.

In the next sections, the modelling requirements and associated sensitivity are
discussed in details and followed by performing validation against experimental

measurement in various locations, laser power, and rotational velocities.
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5.3 Numerical Method

The several of numerical methodologies, mentioned earlier in the literature, portrays
the wide range of options available to be adopted based on the computational needs
and level of physical details to be considered. Among them, the current analysis
favours the Computational fluid dynamics technology. Computational fluid
dynamics (CFD) software is a group of numerical methods utilised to acquire
approximate solutions of fluid dynamics problems involving heat-transfer, fluid flow
and associated phenomena like chemical reactions. This numerical method is
highly-scalable, allowing for effective parallel calculations on many of processing
cores. Table (5.1) shows the advantages and disadvantages of the possible methods
to study any single engineering problem, espial in thermo-fluids and heat transfer
fields.

Use of ANSYS package enable investigation of thermal stresses on an
integrated platform coupled with CFD results. Moreover, this software has ability to
study large systems with extensive detail of results, which are difficult or impossible
to use analytical or experimental approach. According to that, since the 1990s, CFD
has been increasingly used as a vital component in the simulation of industrial
processes and products (246). The numerical algorithms are applied in CFD
software packages which are used to tackle heat transfer and fluid flow problems.
These codes include three major elements namely: (1) A pre-processor, (2) A solver,
and (3) A post-processor. It can access to these three elements from WORKBENCH
of Ansys software. Thus, the user of this software has a wide range of choices to
determine the level of detail obtained in the result. However, the results of CFD

need to be validated against third party results.

Through the element “Pre-Processor”, the geometry of the domain is defined
and sub-divisions of interest domain are meshed into cells of various types[control
volumes (CVs)] (247). Additionally, the domain boundary and appropriate
boundary conditions are specified to ensure realistic simulation of the physics.
While the element “solver” supports integrating the governing equations over the
field all the CVs of domain. That means the CFD codes have ability to predict and
estimate the transport behaviour of a certain scalar by balancing convection,

diffusion and the rate of change over the time with the source terms. The third
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element “Post-Processing” is visualise the quantitative results in form of illustrative
graphics such as 2D and 3D surface plots, vector plots, colour postscript output
(247). Moreover, Post-Processor has animation facilities for dynamic result display
and data export facilities for further manipulation.

Table 5. 1 The comparison between three styles of the study

Experimental Analytical CFD
- Not limited to linear cases
- Simple application
ple app - Allows complex problems
B - More realistic - General validit
g y - Stationary and non-stationary
S | - Allows complex - Understanding and Relativelv affordabl
§ problems and cases | jnterpretation of - Relatively affordable cost
phenomena - Integration in the project
chain
- Need for - Err0r§: discretization,
instrumentation iLgeon
H - Limited to simple - Diffi i
S| _scale effects p leflf:ulty in boundary
g cases conditions
g | -Difficultyin Typically linear imolificai
B | measurements of ypically - Simplifications needed
%} bati problems
BEN perturbations - Time for setup & run
- Operational Costs - Difficult interpretation

5.4 Ansys FLUENT

Ansys FLUENT software is one of the most popular CFD solvers, enabling the valid
and efficient thermos-fluid optimization. FLUENT is the preeminent tool for fluid
flow analysis, and it is integrated into Ansys-Workbench which promotes multi-
physics simulations. Workbench is a platform to interconnect and synchronise
various numerical simulators such as CFD and FEA solvers. This software contains
well-validated physical modelling capabilities to deliver fast, accurate results across
the widest range of CFD and multi-physics application (248). It has ability to
simulate reliable physical cases for industrial applications, such as turbulent flows,

heat transfer, multiphase flows, chemical mixing, and reaction flows. In addition,
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FLUENT offers a wide range of numerical and discretisation schemes and user-
defined boundary conditions which has been advantageous to the current problem.
In this software pack, FVM is utilised in solving process through using solution-
adaptation of the mesh. The graphic results of Ansys FLUENT of CFD illustrates
how fluid and particle flow, heat transfer, chemical reactions, combustion, and other

parameters evolve with time.

5.4.1 FLUENT setup stages
The process of setting up a simulation in FLUENT complies with the general

workflow of CFD analysis and could be briefed into:

1- Step One: Pre-Processor

a. Pre-analysis: preparing boundary condition to represent the actual
case (system) under the study. Also, collecting corresponding
theoretical or experimental results for comparison.

b. Geometry: making the geometry by using Ansys design modeler
from Workbench or any other computer aided design software, like
AutoCAD, SolidWorks, CATIA, AutoCAD Inventor etc.

c. Meshing: discretising the domain into a finite number of cells. The
simulation outputs depend on Mesh type (high quality Mesh can
produce accurate simulation results).

2- Step Two: Solver

a. Physical Setup: understanding and performing physical setup
through giving inputs for solution accuracy, such as boundary
condition, material physics properties of involved, etc.

3- Step Three: Post-Processing
Numerical Solution: analysing the simulation results and data.

b. Verification & Validation: checking whether the laws of basic

physical are maintained or not, for instance, does simulation solution

satisfy transport energy equation.

5.5 Finite Volume Method (FVM)
The FVM is a method for representing and evaluating coupled non-linear partial
differential equations in the form of algebraic equations. This method is one of the

developed numerical solution techniques that is used in computational fluid
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The

surrounding each node point on a mesh and the way discrete form of equations are

dynamics packages. “Finite volume” is referred to the small volume
derived. Similar to the finite difference method (FDM) or finite element method
(FEM), the physical domain is discretised into a number of contiguous cells (control
volumes) defined by a numerical grid. The principle advantage of the FVM is that it
ensures conservation of variables over each discrete cell, rather than over the global
domain as is the case with the FEM, in which a functional form of the governing
equations is minimised over the entire domain (249). The summary of the
advantages and disadvantages of a numerical methods (FDM, FEM, FVM) that

mostly used to analyse engineering and industrial problems were listed in Table

(5.2).

Table 5. 2 The advantages and disadvantages of three numerical methods

FDM FEM FVM
- Integral formulation: | - Directly apply the integral
valid for shocks and spatial discretization in the
- Relatively easy discontinuities physical space (no
implementation coordinate transformation
” - Flexible for complex | to a computational space)
% - Good results and geometries
= | efficiency on simple - Flexible for complex
_%’ geometries - Straightforward high- | geometries: both structured
< ) order and um-structured meshes
- Several high-order
schemes available - Very rigorous - Mass, momentum and
mathematical energy are conserved by
foundation definition
- Generally limited to
structured meshes
. - Historically, less
- Conservation property .
i . . . developed mathematical
@ | is not guaranteed in - Higher computational
> framework
S | general effort
C
< i . - More difficult to attain
& | - For non-uniform - Conservation not .
< . . high-order accuracy,
@ | grids, a coordinate always guaranteed .
a . especially for unstructured
transformation to the
“ . ., meshes
computational space
has to be considered
and discretised

124




General equations of conservation (transport) for mass, momentum, energy, species
etc., are solved on this set of CVs. In FVM, the volume integrals in a partial
differential equation that contain a various term are converted to surface integrals.
This means the governing equations are integrated over each of these cells; the terms
appearing after integration are then approximated with finite-difference type
schemes. Then, these terms are evaluated as fluxes at the surfaces of each finite
volume. The result of this discretization process is a system of (N) algebraic
equations, where N is the number of discrete cells, which are solved using the

different theorem.

The FVM is based on integral conservation law rather than partial differential
equation. The integral conservation law is precise enough for small CVs. The
governing equation of steady diffusion can easily be derived from the general
transport equation of the property @ by assuming the transient and terms to be zero.
The CV integration, which determines of the final FVM formulations distinguishes

it from all other CFD techniques, gives the following equation (250):

Joydiv(Cgrad @)av + [, SedV = [, n.(Cgrad )dA+ [, SedV =0 (5.1)

Consider the steady state diffusion of property @ in a three-dimensional domain.
The process is governed by the following form (250):

d a9 a a9 a a0 _
o (ra) + % (l—‘a) + P (Fa—z) + Sy =0 (5.2)

The CV including node G has six neighbouring nodes specified as west, east, south,
north, bottom, and top (W, E, S, N, B, T), see Figure 5.1. The notations (w, e, s, n,
b, t) are utilised to indicate to the west, east, south, north, bottom and top cell faces

respectively. There are three steps in FVM, as follow (250, 251):
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Figure 5. 1 A typical CV and neighbouring nodes

The first step: Grid generation

This step involved dividing the domain through placing a number of nodal points;
each node is surrounded by a control volume or cell. The faces (or boundaries) of
CVs are positioned mid-way between adjacent nodes. Commonly, it is set up CVs
near the edge of the domain in such a way that the physical boundaries coincide with
the CV boundaries.

The second step: Discretisation

This step represents the key of the FVM. In this step, the governing equations
(Equation 5.2) are integrated over CVs to produce the equation of discretised at its
nodal point G. The general discretised equation (Equation 5.3) is a very attractive
feature in FVM because it gives an obvious physical interpretation. This equation

constitutes a balance equation for @ over the CV, which is mean the diffusive flux of
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@ leaving the east face minus the diffusive flux of @ entering the west face is equal

to the generation of @.

(Pe—0p) (@p— Ow) @n—0p) (@p— @s)
[FeAe SxpE LA Sxwp I+ 1T Ay SypN Fsds 8ysp I+1T
A0 p, g, C0) 4 (5, 4 5,0,) = 0 53)
Zpr 8zpp

The third step: Solution of equations

Two types of solution techniques are used to solve the linear algebraic equations are
(i) Direct Methods and (ii) Indirect (Iterative) Method.

From a general transport equation (Equation 5.4), the steady convection — diffusion

equation can be derived for a general property @ as.

div(p@u) = div(I'grad @) + S, (5.4)

Integration over a CV gives equation of the flux balance in a CV:

J, n.(pBu)dA = [, n.(Tgrad @)dA+ [, SpdV (5.5)

The calculation of transported property @ is the essential problem in the convective

discretisation terms at CV faces and its convective flux across these boundaries.

5.6 Properties of Discretization Schemes
In most heat transfer problems, the truncation error of central differencing could be a

potential issue and should be considered when deciding the discretisation schemes.
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Theoretically, numerical results should be accurate solution of the transport equation
when number of computational cells is infinitely large, regardless of the applied
discretisation method. However, as fundamental properties of discretisation scheme,
only a finite (sometimes extremely small) number of cells is utilised. This means
that conservative solutions can be obtained on relatively coarse numerical grids. The
use of coarse grids will however introduce numerical errors which will reduce the
accuracy of the simulation. In general, there are three requirements for a
differencing scheme (248, 250):

= Conservativeness
=  Boundedness

= Transportivenss

5.6.1 Conservative

The integration over a finite number of CVs for the convection-diffusion equation
produces equations set of discretised conservation involving fluxes of the transported
property @ through CV faces. The flux out of a CV should be the same as that into
the neighbour CV to ensure the conservation of @ for the entire solution domain, for
instance the flux out of cell i through its face e should be the same as that into cell

i + 1 through its face w).

5.6.2 Bounded

The absence of sources the internal nodal values of property @ should be bounded by
its boundary values. For the east face, for instance, this means that temperature (Te)
must not be smaller (or larger) than cell values used to compute Te. It is satisfied if
all coefficients are positive.  Furthermore, another essential requirement, all
coefficients of the discretised equations should have the same sign which is usually
all positive. Thus, this implies (physically) that an increase in the variable @ at one
node should result in an increase in @ at neighbouring nodes. If the scheme of
discretisation not satisfies, the boundedness requirements it is possible that the

solution will not converge at all, or, if it is, that it contains wiggles.
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5.6.3 Transportive

The transportive property of a fluid flow is clarified through considering the effect at
a point (G) due to two constant sources of @ at nearby points (W) and (E) on either
side. Also, the scheme should reflect the method information is transported. The
method information is transported through face (e), for instance, is dependent on the

ratio between convection and diffusion the Peclet number Pe. = (pUdx | I')e.

5.7 Discretization

There are many solution methods in CFD software to solve the steady convection-
diffusion equation. Several of the utilised methods such as upwind scheme, hybrid
scheme, power-law scheme, and QUICK scheme are the central differencing
scheme. The accuracy of upwind and hybrid schemes is only first-order in terms of
Taylor series truncation error. The upwind schemes are quite stable and comply the
transportiveness requirement, however, the first-order accuracy makes them prone to
numerical diffusion errors. The number of these errors can be minimised by
employing higher-order of discretisation. This is due to the many neighbour points
engaged together in schemes have higher-order, which are produced reducing
discretisation errors by bringing in wider impact. The central differencing scheme
has second-order accuracy, and proved to be unstable and does not have the
transportiveness property. Formulations that do not take into account the flow
direction are unstable and, therefore, more accurate schemes of higher-order, which
preserve upwinding for stability and sensitivity to the direction of flow, are needed.
Every simulation presented in this Thesis used the QUICK discretization scheme for
thermal diffusion in a rotational frame. More detail on this scheme, which used in

the present work, is given in the following sections.

5.8 Quadratic Upwind Interpolation for Convection Kinematics Scheme

The quadratic upwind interpolation for convection kinematics (QUICK) scheme is a
method used in numerical methods in CFD for convection-diffusion problems. It is
denoting as one of the simplest and most stable discretization methods for solving

hyperbolic partial differential equations. However, this scheme is more dissipative
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against the simulated stream. The upwind scheme was first proposed by Brian P.
Leonard together with the QUICKEST (QUICK with Estimated Streaming Terms)
scheme in 1979 (252). QUICK is presented the transportiveness property as a higher
order differencing scheme with numerical diffusion reduced to minimum. Basically,
it uses the values upstream to evaluate the property on the boundaries of the cell and
then use them to compute the value at the centre of the cell. This scheme assumes a
quadratic upwind interpolation for the face value of the scalar variable by assuming a
second order polynomial (parabola) through the downstream, upstream and one node
further upstream nodes of the cell face in question. A second order polynomial is
fitted through W, P and E (Figure 5.2).

w i P : E
1w e:
L e e e e o o o o e |

Figure 5. 2 CV used in the QUICK scheme

T(X) =ax* +bx + ¢ (5.6)

The conditions below are used to determine the coefficients a, b and c. So that at e:

T(X =156x) = Te = (3/4)Tp + (3/8)TE — (1/8)TW (57)

This approved that QUICK scheme is third-order accurate and unbounded scheme
because it takes the second-order derivative into account and disregards the third-
order derivative. The QUICK scheme is used to solve the equations of convection-
diffusion, using the second-order central variation for the diffusion term and the
convection term, the scheme is third-order accurate in space and first-order accurate

in time. Moreover, this scheme is most appropriate for steady flow or quasi-steady
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highly convective elliptic. The QUICK scheme displays increased accuracy when
compared to the upwind scheme due to the higher order truncation error (253, 254).
The main disadvantage of the QUICK scheme, however, is that it can become
unbounded — particularly when the source term variation, and hence the variation of

T, is large.

5.9 Modelling Flow in Moving Zone

As mentioned before in this chapter, Ansys FLUENT solves the fluid flow equations
and heat transfer, by default, in a fixed reference frame. However, there are many
problems where it is required to solve the equations in a moving reference frame.
Typically, a wide range of engineering cases include non-stationary objects such as
rotating blades, impellers, and similar types of moving surface, and it is the flow
around these non-stationary parts that are of interest. In many problems, the moving
objects render the problem unsteady when viewed from the stationary frame. With
moving reference frame, however, the flow around the moving object can be
modeled with specific limitations as a steady-state problem with respect to the non-

stationary frame.

The modelling capability of moving reference frame in Ansys FLUENT
allows the user to model different problems, including moving objects by allowing a
user to activate moving frames in selected cell zones. When a moving reference
frame has activated, the motion equations are modified to incorporate the additional
acceleration terms. These additional terms occur due to the transformation from the
stationary to the moving reference frame. The fluid flow around a moving object
can be modeled through solving the motion equations in a steady-state manner. In
moving reference frames, the solution of flows is required the use of moving cell
zones. The motion of these cell zones is explained as the reference frame motion to
which the cell zone is attached. With this capability, many different cases that
involve moving parts can be setup and solved using FLUENT. In Ansys FLUENT,
the capability of moving cell zones provides a powerful set of features for solving
problems in which the domain or parts of the domain are in motion. There are two

kinds of flow problems that can address as following:
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= Thermo-Flow problems in a single rotating reference frame.
= Thermo-Flow problems in multiple rotating and/or translating reference

frames

For many problems, it may be possible to refer the entire computational domain to a
single moving reference frame. This is known as the single reference rotating frame
(SRRF) approach (255). The benefit of using the SRRF approach is provided the
geometry meets specific requirements. However, it may not be possible to utilise an
SRRF for more complex geometries or multi-stage rotational behaviours. In such
conditions, the designer breaks up the problem into multiple cell zones, with well-
defined interfaces between the zones. In this class of problem, the manner of
treading the interfaces leads to two steady-state modelling methods namely, the
multiple reference frame (MRF) approach and the mixing plane approach. The
essential reason to use a moving reference frame is the problem of unsteady in the
stationary (inertial) frame steady with respect to the moving frame. For constant
rotational speed case (steadily rotating frame), the transformation a fluid motion
equations to the rotating frame such that steady-state solutions will be possible.
However, in case of not constant rotational speed, additional terms have included in
the transformed equation which is not included in Ansys FLUENT formulation.
Thus, it is obligatory to work an unsteady simulation in a moving reference frame

with constant rotational speed.

As illustrated in Figure 5.3, consider a coordinate system which is rotating
steadily with rotation speed w relative to a stationary (inertial) reference frame. The
origin of the rotating system is situated by a position vector 7,. The rotation axis is

defined by a unit direction vector @ such that:

®w= wd (5.8)

The computational domain for the CFD problem is defined with respect to the
rotating frame such that an arbitrary point in the CFD domain is located by a position
vector 7 from the origin of the rotating frame (see Figure 5.3). Moreover, the fluid
velocities can be transformed from the non-moving frame to the rotating frame using
equation (5.9):
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v,=U— U, (5.9)

=

where: u, = @ X

In the above equation, v, is the relative velocity (the velocity viewed from the
rotating frame), v is the absolute velocity (the velocity viewed from the stationary

frame), and u, is the “whirl” velocity (the velocity due to the moving frame).

Y \
4 Rotation m

Translation V; N

CFD Domain

frame 012"

Rotation Axis

Fixed Frame

Figure 5. 3 Stationary and Rotating Reference Frames

There are two exact forms of the governing equations, formulated according to

relative velocity and absolute velocity as illustrated in equations (5.10) & (5.11),
respectively (255).

% (pE,) + V- (pp.H,) =V - (kVT +%,-3,) + S, (5.10)

2 pE + V- (pB,H + pii,) = V- (kVT + 7-9) + S, (5.11)
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5.10 Single Rotating Reference Frame (SRRF)

The SRRF option can be used to model flows of many problems which involve
rotating components such as turbo-machinery, mixing tanks, and related devices. In
each of these cases, the flow field is unsteady in an inertial frame (i.e., a domain
fixed in the laboratory frame) because the rotor / impeller blades sweep the domain
periodically. SRRF is used to convert unsteady flow to steady with respect to the
moving frame. This moving reference frame is associated with a single fluid
domain. FLUENT has the ability to model flows in a non-accelerating and an
accelerating reference frame. There are many types of flows can be modeled in a
coordinate system that is moving with the rotating objects and thus experiences a
constant acceleration in the radial orientation. When some problems are defined in a
rotating reference frame, the rotating boundaries become non-moving relative to the

rotating frame, since they are moving at the same speed as the reference frame.
Particularly, there are some requirements must the surface boundaries adhere to it:

= Any moving surfaces with the reference frame can assume any shape, for
instance, the blade surfaces associated with a pump impeller. Further, on the
moving surfaces, the no-slip condition is located in the relative frame such
that the relative velocity is zero.

= Surfaces are non-moving with respect to the stationary coordinate system can
be defined, however, these surfaces must be surfaces of revolution about the
rotation axis. Here the so slip condition is defined such that the absolute
velocity is zero on the walls. An example of this type of boundary would be

a cylindrical wind tunnel wall which surrounds a rotating propeller.

5.11 Numerical Model Geometrical Configuration and Boundary Conditions

The preheating process of LAM commonly consists of a cylindrical rotating
workpiece which is heated by a laser beam, moving along the workpiece. Figure 5.4
schematically shows such typical configuration of laser preheating process in
advance of the cutting process (without having cutting tools applied). This
modelling configuration is used as a benchmark for evaluation of the current
numerical model. In this configuration, the solid cylinder rotates at angular speed

(w) while the surface being heated at spot by laser beam that traverses at velocity
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(V) along the cylinder axis. To allow model validation the modelling parameters of
laser properties, cylinder dimensions, cutting variable and locations of temperature
recording are chosen according those of a previous experimental study (184). The
three temperature recording locations (P1, P, and P3) are evenly distanced along a
surface line which is radially located 67.7¢ CCW of the laser transverse line. The

initial temperature of workpiece is assumed to be uniform and equal to the ambient

temperature.
Laser Nozzle | Laser Traverse (15 mm)
w Laser Beam [
Air Jit Cooling
. . Recording Line
Solid Cylinder
Laser Ve
- —
Exposure Line N
6>
.)o
- E> 5 mm 5mm ‘
—o—

P, P P3

Figure 5. 4 Schematic of laser assisted pre-heating configuration, applied for numerical
model

This problem has various numerical and physical sensitivity issues that are crucial
for obtaining valid results. A combined workpiece rotation and the laser transverse
motion impart a unique fluctuating temperature profile that propagates into the
material of workpiece. The intensity of this thermal penetration dictates the potential
degree of ‘thermal softening’ (or increased ductility) achievable in the workpiece,
facilitating enhanced LAM process. As the intended purpose, the numerical model is
set up only to inspect the requirements of laser preheating technique for appraising
the material softening potential in preparation for the subsequent machining
operation. Hence, the heat generated from cutting operation is not included in the
current study, allowing the examination of preheating thermal behaviour in isolation
of the cutting tool integration. In addition, as illustrated in Figure 5.4, an air jet

impingement system is incorporated in the simulation modelling to regulate
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excessive local temperature build-up in the vicinity of the laser projection area. In
the subsequent thermal process, the numerical modelling accounts for the radiative
heat absorption over the laser spot, the combined convective and radiative surface
heat losses from the entire surface of the workpiece and the cooling effect from jet

impingement.

5.12 Governing Equations of Heat Transfer

The computational domain is restricted to the rotating cylinder whereas the surface
heat dissipation is deemed as boundary conditions and hence the advection term is
eliminated from energy equation. The rotating cylinder locally absorbs heat through
the laser exposure area and overlay losses heat through convection and radiation
mechanisms.  The configuration of solution field and boundaries indicate
dependency of all three mechanisms and their associated parameters (e.g. heat
transfer coefficient and emissivity) to the surface temperature. This sets a unique
scenario where the transient behaviour of boundaries and their conditions are more
complicated than heat diffusion in a rotating domain. Therefore, the model consists
of a diffusion equation, in SRF, to solve a three-dimensional equation of conduction

in a solid domain as shown in equation below:

2 ph+V.(@ x P)ph = V.kVT + 5, (5.12)

Where @ and r represent rotational velocity and distance from the axis of rotation
respectively. Source term of S accounts for the laser heating which is incorporated
as an energy source term (defined within laser exposure area). Measurements, used
for validation, recorded temperature variation up to 1200 K and hence, estimation of
material properties as function of temperature could potentially be critical to the
accuracy of predictions. Utilising Equation 5.12 to determine three-dimensional,
transient thermal diffusion, the laser exposure closure, surface convection and

radiation are other key elements of the current model to be determined.

136



5.12.1 Heating by Laser Beam

Laser exposure is modelled by incorporating a volumetric heat generation source
within the laser point area, projected on the rotating circumferential area of the
cylinder. The curved rotating boundary is considered as a wall with non-zero
thickness which enables implementation of heating condition as a volumetric source
term, beneficial to the solution stability and convergence. Mean intensity of heat
generation rate in is correlated as laser power divided by total area of exposure. The
nominal laser power, measured at laser device, indicates energy level of the laser
beam as departing the source. Nevertheless, loss of energy is inevitable through the
process of laser transmission and accordingly a percentage of dispatched energy
would be delivered to the rotating surface. The loss of source energy is accounted by
a defined transition coefficient (C;) which is calibrated empirically. Equation 5.13

represents the function of laser heat flux, applied on laser exposure area as:

CTPa

QL_

AExp osre

f& (5.13)

Laser initial power is transmitted (Cy) and absorbed («) through the area of laser
pointer projected on the cylinder surface (Agxposre) Where f (%) determines the laser

intensity profile and found to have a remarkable influence on the thermal response.
There are three types of laser power profiles, uniform, linear and exponential
distributions, have been examined. The resulted transient temperature profiles are
compared with experimental measurements to estimate the effectiveness and select
the most accurate function. Figure 5.5 illustrates profiles of these three distribution

functions with some adjustments of the range for enhanced visualisation.
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Figure 5. 5 Evaluation laser distribution functions for 3D numerical model

Formula and constants of all three functions are determined to generate required
profile while maintaining area integral-averaged value of heat flux equal same as

fAfdA=

mean value (i.e. 1).

5.12.2 Convective Heat Fluxes

To simulate experimental conditions, three major convective streams of laser jet
cooling, convective losses from circumferential surface and convective losses from
flat surfaces (located at two ends) of the cylinder are considered. The jet cooling is
an air impingement exposed to a small area, almost overlapped with laser projection
vicinity. The cooling effect of this air jet, at given as conditions of Re;=15,900 and
H/D=10, was estimated as h;=3200 W/m?K, using empirical correlation proposed by
El-Genk et al. (256). The loss from the circumferential area of rotating cylinder has
the largest value amongst convective streams. Owing to sensitivity of the model to
this term, Grashof number is determined locally (with reference to a film and surface
temperature) and used for local estimation of convective heat transfer coefficient.
Considering the geometry and range of operational parameters, heat transfer
coefficient, in circumferential area of the cylinder, is determined as below (257):

hye = 0.1352/(0.5 Re + Gr)Pr (5.14)
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Convective stream from end planes is considered as loss from rotating disks, which

could be determined from Equation 5.15:

hra = 0.36 [ (5.15)

Schemes applied for convection losses are empirical (having alternative closures)
which could be replaced according to the range of operating parameters (mostly

decided byRe,). Properties of air, required for calculation of heat transfer

coefficient, are estimated with reference to the locally estimated film temperature

assuming the ambient temperature to be constant at 300 K.

5.12.3 Radiative Heat Fluxes

The contribution of radiation in heat transfer process, under the given conditions, is
significant and requires certain physical and numerical consideration to be accurately
modelled. Equation 4.16 is the common expression of radiative heat flux where
shape factor is assumed to be one for each boundary cell. This assumption is valid

as the boundaries have cubic cells with square differential faces.

QR = UgT(va; - T;mbient) (5-16)

The main physical concern to be considered in radiation scheme is the dependency
of emissivity to the material temperature (assuming constant surface characteristics),
as this property could be severely affected across the high-temperature variation
range. The measurement of emissivity through pyrometer tests indicates maximum
uncertainty of 15% (mostly in high temperature) for silicon nitride, as the material
applied for the current test and validation practice. To implement Equation 5.16 as a
dynamically adjusting boundary condition (combined with other implemented
modes) face values are to be used as wall temperature (T,,) while ambient

temperature is constant at 300K.
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5.13 Modelling Design Considerations

The numerical simulation is required to study transient thermal behaviour of a
rotating cylindrical workpiece heated by a laser beam and exposed to the air as a
coolant. To achieve a converging, stable and valid simulation, the developed 3D
model needs to conform to some critical setting requirement. Despite the exclusion
of advection term, the transport equation is theoretically prone to unboundedness and
truncation error. The numerical instability has been prominently observed for the
cases of implementing a low-order discretisation scheme (e.g. first order upwind) or
insufficient mesh refinement. This could be related to the large spatial and temporal
gradients across the domain which in some extreme cases push the solver into a fast

divergence.

5.13.1 Grid generation

The meshing strategy is set according to general and specific requirements. The first
general requirement is to ensure the meshing resolution is high enough to minimise
mesh-oriented truncation error and results are physically reliable. Such resolution
varies according to the intensity of operating parameters (e.g. heat flux and
temperature gradient) and hence mesh uniformity would be the second general
requirement. Uniformity of the grid is evaluated by aspect ratio and skewness factor

which both are ideally desired to be close to one.

Besides, the specific requirements related to the physics and operations of rotational
cylinder heated with a laser beam could be briefed to:

1) The small surface area, which is heated by the laser beam (all the investigated
cases have laser diameter smaller than 4mm), is crucially important and
enough surface resolution is necessary to capture accurate heat source,

2) Temperature gradient toward the surface is larger and insufficient refinement
leads to divergence, high Courant number (for a given time resolution) and

physically incorrect results,
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3) Mesh resolution in radial direction also needs to be examined for each case to
ensure transient thermal exchange is not missed over special and/or temporal
discretisation,

4) Toward the cylinder core gradients are reduced and it would be possible to

gradually reduce mesh density to optimise computational resources.

Grid generation is initially set by global estimation of relative truncation error (as the
function of average grid spacing) and accordingly, the further refinement was
applied on boundaries. Sufficient resolution is essential in boundaries to effectively
and smoothly incorporate the laser intensity profile and convection loss across the
curved boundary. Presence of a large energy source within a small area of boundary
also implies high spatial temperature gradient. To avoid the mesh-oriented
nonlinearity, in such high temperature gradient and rotating zone, the radial
resolution should also be refined toward the curved surface. The growth rate is
applied across five layers of cells arriving in courser core cells, to ensure a smooth
transition across the mesh. The sensitivity originated by the ratio of angular mesh
resolution and rotational velocity has also been taken into account as a temporal
criterion of grid generation and refinement was applied to have not less than 1-
degree angular refinement and (0.1 mm) within laser motion course. The final mesh
consists of 858,231 hexagonal cells. Temporal refinement of (0.01 s for the first set
of results) is applied for the current set of cases which is robust enough, even for the
maximum Courant number (based on heat flux estimations), since an implicit time
scheme is utilised. QUICK formulation is used for spatial discretisation of energy
equation to be used with a second order implicit temporal discretisation. Application
of discretisation scheme with higher than first order accuracy is necessary for both

convergence and validity.

5.14 Results of Numerical Model

The SRRF method with FVM model is used to simulate the transient thermal
behaviour of a heated, rotating workpiece as is locally heated by a laser beam.
Scenarios have been set up according to the dimensions described in Figure (5.4) and

material properties of Silicon-Nitride (p= 3440 kg/m3, C,=110 J/kg.K, k=15
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W/m.K). Additionally, the operating parameters have been set according to the

experimental benchmark (184).

Figure (5.6) illustrates the thermal response of a rotating cylinder heated by a
laser beam with given characteristics. Temperature contours are illustrated on the
circumferential surface and inside the rotating cylinder, at three-time steps. This
visualisation assists to interpret the transient thermal field and also highlights the
benefit of utilising a full-scale numerical model, as compared to experimental
measurement. As a prime advantage of using the numerical model, Figure 5.6(d-i),
has visualised temperature inside the cylinder which is not easily feasible to measure

experimentally.

The circumferential surface temperature of the rotating workpiece as the laser
beam is moving along the axis of the workpiece depicts in Figure 5.6(a-c). A
rotation speed of workpiece and translational motion velocity of laser source are
maintained steadily at constant values. The entire heat absorption process takes
place during exposure of laser to cylinder surface, as the displacement of the
projection area is progressively captured. Naturally enough, the laser exposure area
has the highest temperature of the field, slightly exceeding 1500 K for the
represented scenario. The cylinder rotational motion induces convective cooling
streams and therefore cylinder undergoes heat dissipation (cooling) process through
the surface area. The rotational trailing area remains also relatively in high
temperature as it is cooling down and approaching a quasi-steady temperature. The
behaviour is described as quasi-steady since time scale of cooling from pick
temperature to the given temperature is much smaller than the time required for the

surface to approach ambient temperature.
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Figure 5. 6 Transient temperature visualisation of heated rotating workpiece in: (a)
workpiece surface, (b) mid-plane through workpiece axis, and (c) inside cross section of
workpiece; at: LP=500 W, D, =3 mm, V=100 mm/min, o= 1000 rpm

Figures 5.6(d-f) visualise the temperature distribution, on a mid-plane aligned with
axis of the cylinder, where the laser is exposed on top side. A hot ring generated
through the laser exposure point is obvious in these contours where laser translation
could be clearly tracked in three consecutive time-steps. This thermal preview could
give an estimation of heat diffusion through the cylinder both toward the axis and
along the cylinder. Figures 5.6(g-i) represent a mid-plane having normal vector,
aligned with axis of cylinder. The plane is almost on its initial temperature (around

300K), at t=3 s, when the laser exposure has not reached to this point which means
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conduction is initially not the most effective mechanism in the time scale of seconds.
Consequently, at t =5 s, laser reached to this cross-section and exposes right at the
crown of this circular cut-through. Local heating, rotational convection cooling and
resulted thermal diffusion are illustrated in preview of this cross-section at the given
snapshot. The laser point has moved over the cross section, in the following time
step, when a more uniform temperature is captured. This unfirm field is in the range

of so-called quasi-steady temperature, which was earlier mentioned.

5.15 Model Validation and Sensitivity Evaluation

Temperature field could be partially (i.e. surface temperature) compared against the
experimental measurements to examine validity, sensitivity and accuracy of
numerical assumptions and associated results. This is carried out in the current
section as initially three aforementioned laser intensity profiles are compared and
discussed and then the best distribution function is applied for the parametric
validation tests.

5.15.1 Laser Power Profile

The most accurate laser profile and its influence on heat transfer process need to be
initially determined to accordingly examine sensitivity and validity of model
throughout geometry and for various key parametric changes. Three laser profiles,
estimating power intensity distribution, are proposed for comparison, as depicted in
Figure 5.7. Coefficients and constants of these functions are obtained by equating
the area-averaged values (integral over area divided by area) to one, ensuring the
mean heat flux value is not influenced by the distribution function. The surface
temperature is monitored at M, (i.e. the middle point) as the area of interest and three
temperature curves, resulted from uniform, linear and exponential functions are
plotted against experimental measurements (184) of pyrometer technique, in Figure
5.7.
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Figure 5. 7 Evaluation the three profiles of laser intensity: uniform, linear and exponential,
Temperature at M2: LP=500 W, D, =3 mm, V=100 mm/min, ®= 1000 rpm (184)

This very illustrative graph visually explains the importance of laser profile during
the laser heating process. Comparing demonstrated power density profiles, it is
clarified why from uniform to exponential functions, the bell-shaped graph is pushed
to have a higher pick point and lower trailing temperature value. The significance of
variation is more obvious where pick and trailing values have over 150 K difference
between the best and worse temperature prediction. Based on this analysis,
exponential distribution, with function given in Figure 5.5, is decided as the best

laser power intensity profile and is accordingly used the rest of investigation.

5.15.2 Transient Surface Thermal Response

Surface temperature is experimentally measured at three points of M;-M3, specified
in Figure 5.4, over the course of heating which is set to be 10 s for the validation
scenarios. This comparison between experimental measurements and numerical
results (with exponential laser profile) is referred as the main validation test where

satisfactory matching (i.e. within the reported experimental accuracy) is achieved.
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Figure 5. 8 Validation of the surface temperature with previous experimental data (184),
LP=500 W, D, =3 mm, V=100 mm/min, o= 1000 rpm

The obtained validated results are strictly bond to the calibration of all three modes
of heat transfer and their associated parameters. For instant, growth of temperature
from one pick to the consecutive one is controlled by temperature dependent thermal
diffusion coefficient while the local magnitude of this pick correlated to absorption
of heat in the exposure area is highly sensitive against the combination of
absorptivity and thermal diffusion. Following the temperature pick, there will be a
cooling process which is determined by rotational convection and radiation.
Therefore, the tail section of each graph could be associated with accuracy and
validity of convection-radiation cooling closures which indicated a good agreement

here.

5.15.3 Influence of Laser Beam Characteristics

The numerical model has been also parametrically tested to ensure it responds as
expected against LAM operational variable. The laser power and translational speed
are two additional parameters, examined experimentally and hence the associated
thermal measurements could be used for verification of the numerical model.
Figure 5.9 compares experimental and numerical values of temperature at M, point

for three laser powers of 400, 500 and 600 W. The general temperature growth and
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temporal distribution patterns are corresponding well and hence the model could be
approved for the parametric analyses associated with laser power. The more evident
deviated numerical estimation and also more scattered experimental measurements,
in the cases of higher power lasers, remarks uncertainty of surface characteristics and
radiation parameters which are assumed, according to the available range of

measurements.

The third and last validation comparison graph examines sensitivity and
validity of numerical model against laser translational speed whilst all other
characteristics are maintained constant. It takes the laser point just more than two
seconds to reach My, as it travels at the fastest speed of 200 mm/min. This time
linearly increases with velocity, for two slower cases, as shown in Figure 5.10. The
overall heating is found to be inversely proportional to laser translational speed as
deduced from the surface temperatures. This is clearly indicated in Figure 5.10, as
pick temperature of lowest and fastest travelling lasers demonstrate more than 500 K
difference. This comparison concludes numerical validation in a relatively wide

range of parameters.
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Figure 5. 9 The effect of variation power of laser beam on workpiece surface temperature, at
M2: DL=3 mm, V=100 mm/min, o= 1000 rpm (184)
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Figure 5. 10 The effect of variation laser scanning velocity on workpiece surface
temperature at LP=500 W, D=3 mm, o= 1000 rpm (184)

5.16 Deploying the Model

The validation is carried out for a moving laser source combined with a rotational
configuration of the rotating cylinder which sets the most complicated motion
configuration, anticipated in the LAM process. On the ground of such validation, the
proposed thermal model could be deployed for characterisation of LAM process as
the applied objective. Comprehensive and detail knowledge of temperature
distribution and thermal condition across space and time is a necessity for a reliable
assessment of process effectiveness. Among many potential applications, few are
suggested here as the key benefits which cannot be easily obtained through
experimental or analytical approaches where interrogation area is mostly restricted to
the surface area.

5.17 Stationary Laser Heating and Thermal Equilibrium
The pre-heating process of LAM is practically carried out by a stationary laser
applied on a rotating workpiece which ultimately reaches a thermal steady-state.

The thermal equilibrium between laser (as the heating source) and combined
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convective/radiative loss (at heat sink) is expected to set at the steady-state
condition, determining the softening condition for the machining process. Figure
5.11 compares temperature trends over finite time for various laser powers at 45°
after laser exposure point (in the rotation direction). The dashed line indicates the
points over which temperature gets asymptotic to a plateau state, representing a

thermal condition.

Variation of surface temperature, as depicted in Figure 5.11, confirms an
ultimate convergence of the thermal condition to an equilibrium state. The transition
process is characterised by time over which the equilibrium state is reached. For
instance, in the case of 100 W heating, the shortest transition and the highest local
steady temperature are recorded among the cases. The transient analysis is useful to
estimate the time required for LAM preheating and also might be utilised for
optimisation of the total energy consumption during the process. However, the final
convergence to the thermal equilibrium condition enables a confident use of steady

analyses as a reference for all parametric studies in the following sections.
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Figure 5. 11 Typical temperature over time for non-traversing laser
D =2 mm, o= 1000 rpm
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5.18 Artificial Neural Network

There has been a resurgence of interest in artificial neural networks (ANNS) over the
last decades due to their competency to facilitate low-order estimators. An ANNS is
an information-processing system that has certain performance characteristics in
common with biological neural networks. ANNs have developed as generalizations
of mathematical models of human cognition or neural biology, utilizing a distributed
processing approach to computation. ANNs are capable of solving a board range of
engineering problems by “learning” a mathematical model for the problem. This
model can then be used to map input data to output data. ANNSs are composed of
individual interconnected processing elements. These processing elements are
analogous to neurons in the brain and are also referred to as artificial neurons, as
shown in Figure 5.12. Each artificial neuron sends and/or receives data to/from
other elements. An ANN is characterized by some properties (258): (i) a pattern of
connections between the neurons (called its architecture), (ii) a method of
determining the weights on the connections (called its training, or learning,
algorithm), and (iii) an activation function. The network acquires knowledge
through a learning process. The inter-neuron connection strengths known as
synaptic weight are used to store the knowledge. This learning ability of neural
networks gives an advantage in solving complex problems whose analytic or

numerical solutions are hard or computationally-demanding to obtain.
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Figure 5. 12 A general neuron model of an ANN
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ANN models go by many names, such as connectionist models, parallel distributed
processing models, and neuromorphic systems. Whatever the name, all these models
attempt to achieve better performance via dense interconnection of the simple
computational element. The adjustable multiplication weights (w), it is often
convenient to allow positive weights to represent an excitatory connection and
negative weights in inhibitory connection. A weight of zero uses when no
connection between a pair of neurons is to be made. The input transmitted to a
neuron through these weights may come from other neurons, from an external
source, or the same neuron. The output of the model neural ranges between limits
such as (-1 and 1), that are analogous to a biological neurons minimum and

maximum firing rate (259, 260).

The basic operation of an artificial neuron involves summing its input signal u= [u,
U2..... up]" multiplied by its weights w= [wi, Wy, ...... wn]" (T represents the

transpose) to applying the net. i.e.

Net = 2 Wy X (5-17)

The output of neuron ('Y ) depends on the net, which computes as a function ( f) of
the net called activation function.

Y = f (net) (5-18)

Some examples of commonly used activation f (net) are shown in Figure 5.13. In
many cases it is desirable to provide each neuron with a trainable bias. This offset
the origin of the activation function, producing an effect that is similar to adjusting
the threshold of the neuron, thereby permitting more rapid convergence of the

training process.
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Figure 5. 13 Activation Functions in ANN

Where:

A : determine the steepness of transition region.

¢ : neuron gain. 0 : constant threshold.



5.18.1 Learning of Neural Networks

Learning is a relatively permanent change in behaviour brought about by experience.
Learning in human beings and animals is an inferred process; it cannot see it
happening directly and assumes that it has occurred by observing changes in
performance. While, learning in ANNs is typically a direct process, and can capture
each learning step in a distinct relationship called cause and effect. ANNSs are
trained using one of the three types of learning algorithms: (1) supervised algorithm,
(2) unsupervised algorithm, and (3) reinforcement algorithm (a special form of

supervised learning algorithm).

5.18.1.1 Supervised Learning

In supervised learning, the system submits a training pair (consisting of an input
pattern and the target output) to the network. The network adjusts weights based
upon the process elements error value e (usually the difference between the expected
output and the computed output) so that the difference diminishes with each cycle.
Thus, supervised learning requires a teacher or supervisor to provide desired or
targets output signals. Examples of supervised learning algorithms include the delta
rule (Widrow-Hoff (261), the generalized delta rule, or the back-propagation
algorithm (BP).

5.18.1.2 Unsupervised Learning

Unsupervised learning procedures classify input patterns without requiring
information on target output. In such procedures, the network must detect the
pattern regularities and the grouping for each applied input to produce consistent
output. The input patterns are automatically adapted to the weights of ANN
connections. Examples of unsupervised learning algorithms include the Kohonen
and Carpenter-Grossberg Adaptive Resonance Theory (ART) Competitive learning
algorithms (262).
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5.18.1.3 Reinforcement Learning

Reinforcement learning, or learning with a critic, works by deriving an error when an
input target is not available for training (259). In this case, the network obtains an
error measure from an application-dependent performance parameter. Weight
connections are adjusted, then the network receives a reward/penalty signal.
Training proceeds to maximize the likelihood of receiving further reward and
minimizing the change of penalty. An example of a reinforcement learning

algorithm is the genetic algorithm (GA).

Generally, learning algorithms involve two more functions (in addition to the
activation function), namely (i) the error-calculation function (e) controls the updates

of weights, and (i1) the increment of the weight Aw function updates the weight.

5.18.2 Laser Preheating Parametric Predictor

The result of computational thermal analysis offers an extensive knowledge of
temperature distribution throughout the workpiece which could be utilised for
various design predictions and optimisation. Nonetheless, in some application even
more minimal thermal prediction would be sufficient for optimisation of the process
and hence the field could be summarised into discrete values at critical locations.
The low order (i.e. crude yet faster) estimations could be achieved by regression and
machine learning (ML) methods (trained by experimental or numerical results) as
more affordable prediction options. The functionality expected from preheating,
during LAM process, highlights the heated cross section as the critical vicinities
where thermal monitoring will be more crucial. The first objective of LAM is to
reduce material strength (and to some extent ductility) by applying intense, localised
heating source. Besides, it is often desired to remove a finite thickness of material
during cutting process while beyond removal thickness, the material should be
eluded from overheating which inversely influence the micro-structural and
mechanical properties. This could be adopted as the simplest thermal guideline to
adjust an informed heating range, rate of application and rotational speed. The field
which is reduced to a critical cross-section may need to be discretised into few key

points in order to be observed, comprehend and later predicted by lower order
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prediction approaches such as machine learning techniques. Figure 5.14 illustrates
twelve discrete points across the heated cross section for evaluation of temperature in
3 thickness levels and four circumferential locations. Such combination quantifies
the depth of heating intensity around the cross section and indicates the surface

thickness of thermally influenced materials.
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Figure 5. 14 Temperature of selected points at the heating cross section for the discrete
thermal summary: (a) temperature points across critical section, (b) discrete thermal
summary at point 1 (LP=40W, ®=500rpm, and D, =2mm)

The temperature reading points, as shown in Figure 5.14(a), are named according to
their location with respect to the rotational direction (T: Top, L: Left, B: Bottom and
R: Right) and spacing from surface of the cylinder (1 to 3: surface-to-core). The
point Top-1, which represents the centre of laser exposure area on the surface, is
naturally enough captured to have the highest temperature among points, as depicted
in Figure 5.14(b). Following the direction of rotation surface temperature drops
down steeply (more 100 C within 45). Circumferential assessment of temperature
demonstrates a combination of cooling and heat diffusion to level 2 (0.5 mm away
from the surface) and a more uniform temperature pattern around level 3 (1 mm
away from the surface). This brief discrete dataset is sufficient to portray the full
thermal picture (it is understood that the other areas have lower temperatures)

required for controlling LAM. Knowing the temperature value at the given points
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will allow estimation of the softened area, the thickness of thermally influenced
material and margin to the melting point which are all necessary for informed

regulation of LAM operation.

5.18.3 Artificial Neural Network Fitting and Discrete Prediction

Artificial neural network (ANN) is one of the well-trusted methods to develop a low
order predictor, for the above-mentioned thermal task. ANN is one of supervised
machine learning algorithm which could be briefly characterized as a multi-layer
regression tool correlating dataset of input-outputs. The current study utilises the
well-validated numerical method for generation of thermal data required for ANN
fitting. Repeating parametric analysis and regenerating sufficient data-points
enhances accuracy and correctness of fitted correlation between effective (inputs)
and affected (outputs) parameters. Not only number of data-point but also a proper
understanding of the relation between input-output parameter is necessary for
training of an accurate ANN. This has also been tested by numerical parametric
analysis which, for instance, reveals dependency of temperatures on heating
intensity, rotational speed and laser diameter. This current section is to demonstrate

the feasibility of LOFF from the numerical output of the 3D model.

Variable laser power (20, 40, 60, 80, 100)W, rotational speed (500, 1000, 1500) rpm
and laser beam diameter (2, 3, 4) mm are the input parameters of the network to be
trained, validated and tested for prediction of temperature at 12 discrete points,
simply considered as the network outputs. For training, validation and testing
process, (45) point data pool is split as 70%-15%-15% respectively where the best
model has obtained through five-layer hidden neurons. The network structure and

configuration are visualised in Figure 5.15(a).
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Figure 5. 15 Framework and examination of ANN fitted though MATLAB,
(a) network diagram, (b) regression plots of ANN fitting

By utilising ANN fitting algorithm (Levenberg — Marquardt) (263-265), the
appropriate accuracy of the fitted network illustrates in Figure 5.15(b). MATLAB, as
a pioneer, robust and widely trusted package, is utilised for data assembling, ANN
fitting and checking. This is a satisfactory accuracy for a prediction process,
obtained from (45) data point regression which also could be further extended to
have extra input parameters (accounting for more physical phenomena) while
maintaining/enhancing the accuracy by adding more simulation inputs into fitting
process. This brief investigation, nevertheless, emphasizes the applicability of ANN

as a tool of lower order for estimation the temperatures of steady-state.
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The fitted and verified network could be then used for low order forecast and
sensitivity analysis of temperature at given points. Figure 4.16 explain how the
ANN could assist to evaluate thermal behaviour against defined input parameter and
reversely find safe operational parameters. These types of low order training are
computationally affordable, could be extended based on community data reporting
various physical consideration and easy to be interpreted. Figure 5.16(a)
demonstrates the dependency of temperature values predicted for one single point
like the spot diameter of the laser beam is maintained constant at (2 mm) and other
inputs are varying. Sensitivity examination of the temperature for the same point is

demonstrated in Figure 5.16(b) while heating power the only constant input.

5.19 CFD Analysis of Titanium Alloy Heating

The three-dimension CFD model, which is developed and extensively verified
against previously published experimental results, has been utilised for simulating
some experiments of this research. The geometry, material properties and operating
conditions are set according to what is indicated and measured during the experiment
methodology. As explained in Chapters 3 and 4, the current work emphasises on
Titanium which, despite its growing applications and importance, has been less
investigated in the literature. The investigation (both experimental and numerical) is
carried out for a higher range of rotational Reynolds Number (adjusted by
combination of the cylinder diameter and rotational speed) which is less examined in
the literature. Therefore, two major outcomes are expected by the new sets of
simulations; first, broadening validation of the CFD analysis to an extended range of
parameters, specifically including the range of our own experiments and the second

to attain a better understanding of diffusion pattern inside the titanium workpiece.

5.19.1 Setup and Conditions

The cylindrical workpiece utilised in the experiment is a Titanium alloy (Ti-6Al-4V)
of 50 mm of diameter and 250 mm long. The density (p), thermal conductivity (k)
and specific heat (Cp) of material are respectively set as 4430 kg/m3, 6.6 w/m.K and
565 j/kg.K where the emissivity and absorptivity of the workpiece is measured and

adjusted with respective to temperature and surface characteristic as well discussed
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in section (3.9). Similarly, the key laser characteristics are roughly indicated as
nominal laser power of 55W and diameter of 2 mm which are set accordingly in the
simulation. The laser characteristics have the most uncertain parameters which are
hard to examine (within the project’s facilitation) and hence the potential
discrepancy between numerical and experimental results could be mainly correlated

to this uncertainty.

5.19.2 Numerical challenges and strategy

The key difference in mesh and setting is larger dimensions of the cylinder which
brings concerns of grid and time-step senility to be checked. Following the general
approach, spatial analysis is carried out to find and optimised mesh sizing generating
results independent of the grid size. Accordingly, the mesh is utilised in a set of
transient simulations seeking for valid time step and found it to be 0.001 and 0.0005
seconds respectively for rotational speed of 100 and 1000 rpm. Importance of such
setting will be understood by just by looking at the pattern of experimental
measurements where temperature is rising rapidly in the early stage and gradually
plateaus. Coarsening time-step could cause up to 16 degree difference within 10s of

heating under the given conditions, which is significant numerical discrepancy.

Setting the appropriate time-step makes the numerical model relatively expensive
and also time-consuming to simulate, using the given computational resources.
Hence, the transient models are used for simulation and comparison of 50 early
second where the rate of temperature growth is critical. This strategy is deployed for
verification whereas a steady-state model (with the same verified settings) will be
used to predict the ultimate thermal state.

5.19.3 Simulation Results

The first set of results which is obtained to compare against experimental transient
measurements is the surface temperature at 45° trailing the laser heating point. This
has been carried out for Ti-6Al-4V workpieces with rotational speed of 100 rpm,
various surface characteristics and laser powers. The surface characteristics are
adopted to CFD model by setting temperature-dependent functions of emissivity and

absorptivity (determining the thermal source term). Two laser powers are set as 30%

160



and 50% of the nominal power which are expected to be 16.5 W and 27.5 W,

respectively.

Results visualised in Figure 5.17 reveal satisfactory agreement between numerical
and experimental values, especially with such uncertainty in the explained laser
characteristics. The predictions of the surface painted in black looks overall better

than the rough surface, generated by sand-blasting.
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Figure 5. 17 Comparison of surface temperature at 45° trailing the laser heating point,
®=100 rpm
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The key difference, imposed by surface characteristics is thermal gain from the
identical laser beam through absorption and re-radiation process whereas diffusion
pattern/intensity is obviously not affected by the surface characteristics.
Temperature contours, visualised in Figure 5.18, shows the thermal diffusion and its
intensity for various cases. Typical to the previous thermal diffusion pattern, the
lower laser intensity and larger work-piece induce a low-temperature and low-
gradient field with the 80 degree as the highest temperature difference associated to
the case with 50% of nominal laser power and the surface painted in black.
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Figure 5. 18 Steady-state thermal diffusion patterns and intensity, =100 rpm

5.20 Summary

In this chapter, a new numerical investigation has been proposed for the forecast of
radiative heat transfer that can be implemented on heated rotating workpiece.
Numerical model provides a unique analytical and practical benefits for applications
involving LAM. The proposed 3D numerical model is demonstrated to be not only
more affordable tools but also offering thermal knowledge which may not be

achieved even by decent measurement techniques, for instance, thickness of thermal
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diffusion. The process surface behaviour which include absorption, reflection and
forced convection (as a result of workpiece rotation) are considered as boundary
conditions while heat diffusion across the rotating geometry is simulated. A
systematic approach to development, validation and parametric analysis is followed
up which could be presented as a generic numerical manifestation applicable for
similar thermal modelling manufacturing processes. The key aspects and

deliverables of this investigation are concluded as follows:

= The study has formulated a well-validated and accurate numerical model for
predicting the transient preheating thermal behaviour of a cylindrical rotating
workpiece subjected to a laser heat source, as used in LAM applications.

= Qvercoming previous analytical limitations, this model accounts for the
complex thermal processes associated with heat absorption over the laser spot
area, thermal diffusion into the workpiece and the cylinder surface cooling
arising from thermal radiation and rotational convection. Hence, the model
warrants an insightful understanding of the transient thermal behaviour of a
laser-preheated rotating cylinder, as applied in LAM.

»= Advancing the status quo of numerical modelling for this field, this
simulation methodology is developed on an SRF, incorporating the combined
motion effects of workpiece rotation and traversing laser beam, hence
presenting a much realistic treatment of LAM workpiece behaviour subjected
to laser spot heating.

= The predictive precision is derived through boundary configuration involving
dynamic surface profile and source term that guarantees validity and stability
of simulation.

= The simulation model generates data to obtain the depth of thermal
penetration for a chosen combination of laser power, laser traversing
velocity, workpiece rotational speed and machining material. These data
facilitate the determination of laser preheating levels to achieve required
material softening depth at the workpiece surface before machining for
improved product quality.

= Such depth of information is not practically feasible to capture through even

the most sophisticated experimentation.
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For convenient application in workshop floor environment, computationally
unsophisticated and practically simpler workpiece preheat forecasting
parametric tool is synthesised by correlating the simulation data with ANN
principles.

This ‘trained” ML approach facilitates the forecasting of LAM preheating
requirements as an operational guide for manufacturing processes and
identifies the potential for optimisation of LAM variables through preheating.
Broadening validation of the CFD model analysis for both titanium alloy
workpieces (black-painted and rough) shows acceptable agreement between
numerical and experimental surface temperatures data.

Both of lower strength of the laser beam and larger size of titanium
workpiece was led to low-temperature and low-gradient field, as illustrated in
Figure 5.18.
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Chapter 6

Conclusions and Recommendations

This thesis presented a research investigation that examines laser pre-heating
technique for enhancing the machinability of hard-to machine (HTM) material,
titanium alloy (Ti-6Al-4V). This final chapter outlines and evaluates the technical
benefits of this approach and methodology in delivering the objectives identified in
Chapter One (section 1.7), along with the possible improvements in the proposed

method for future research.

6.1 Introduction

The increased demands on special alloys, such as titanium alloys in the manufacture
of engineered components have substantially contributed to innovations and
developments in machining techniques. Among these, titanium-based alloys are
highly attractive metals for applications, such as in aerospace and biomedical
industries that demand extraordinary mechanical properties, namely high corrosion
resistance, low weight/volume ratio, high biomechanical and biochemical
compatibilities. However, a literature review conducted in the present work has
clearly identified that the machining difficulties of titanium alloys is a major obstacle
and challenge for its use in applications. This is essentially attributed to the extreme
mechanical properties of titanium, such as low thermal conductivity, high hardness,
fast hardening, chip morphology generated, auto excited chatter and high chemical
reactivity. Owing to these, machining of titanium alloys is also associated with high
rate of tool wear, that in turn reduces cutting tool service life. In overcoming such
technical problems, titanium alloy machining is usually performed at a slower speed,
hence product manufacturing cycle time and costs are major concerns. The thermal
condition of titanium alloy workpiece can profoundly affect the dimensional
accuracy of machined workpiece. Consequently, regulation of thermal influence has

increasingly become an important aspect in modern machining.

Currently, many methods have been introduced and attempted to overcome

these difficulties, where thermally assisted machining (TAM) is regarded as an
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emerging technology for advanced manufacturing. Workpiece preheating in TAM,
either immediately prior to or during cutting operation improves machinability from
assisted plastic deformation. In this, the optimum workpiece surface temperature

delivers maximum benefits, where thermal assistance would vary from alloy to alloy.

6.1.1 Thermal Assistance Method

From this thesis, a comprehensive appraisal of the current state of development in
TAM techniques for improving the machinability of titanium alloys has been
provided. It is identified that the main strategy of TAM is to reduce yield strength
and the work hardening effects of the workpiece. With appropriate workpiece
heating in TAM, plastic deformation is promoted in the cutting zone to reduce shear
resistance at the cutting edge thereby lessening the cutting force and specific cutting

energy while improving surface finish and tool life.

The optimum benefits of TAM are achieved at certain ranges of feed, speed
and the temperature from preheating, depending on the behaviour of titanium alloys,
such as the ability to conduct heat and modulus of elasticity. Within these limits,
thermal effects produced by surface heating leads to a significant decrease in cutting
forces at tool cutting edge. Although below these parametric ranges, a significant
reduction of machining forces and machining energy is observed, the surface finish
becomes unacceptable. In contrast beyond these ranges, tool wear is observed to be
significantly higher. Therefore, prevention of workpiece overheating is critical for
successful implementation of TAM that is to be ensured by estimating the peak
preheating temperature. As such, careful analysis of surface temperature and
workpiece temperatures distribution forms an essential research element in studies to
determine optimum preheating conditions and machining parameters. In achieving
these objectives, predictive thermal models are viewed to be essential for a clear
understanding of heat transfer processes associated with TAM, supported by further

experimentation.

The conclusion of previous studies of TAM applications has been shown positive
results in terms of the longer tool life, lower cutting forces, smoother machined

surface. Among current TAM approaches, Laser-Assisted technique is the most
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efficient in improving the machinability of titanium alloys, which this research focus

on using it as a preheating method.

6.1.2 Thermal Assistance Techniques

These are: laser assisted machining (LAM), plasma assisted machining (PAM), and
induction assisted machining (IAM). These TAM techniques are carried out using a
laser beam, plasma torch and an induction coil, respectively. LAM requires complex
system components. Nonetheless, controlled operation of heat source movement is
much easier than the other two techniques. Due to high laser power, microhardness
at cutting zone is minimised, which in turn reduces tool pressure on the machined
surface. Therefore, tool life significantly extended as a consequence of reduced
cutting forces and rate of tool wear. Similar to LAM, cutting forces are reduced by
PAM and IAM techniques.

However, achievable cutting tool life is shorter than with LAM. This is
because, rate of flank wear tends to be more due to the high chip temperatures
formed with these two techniques. Also, the power density of PAM is low, therefore
heating temperatures are difficult to control compared with LAM. Therefore, laser
techniques are highly recognised for improved titanium alloy machinability in terms
lower machining forces, higher metal removal rate, lesser heat-affected zone,
reduced tool wear, and better integrity in machined surface. Table 6.1 summarizes
commonly used thermal assistance techniques to advance titanium alloy

machinability.

The aforementioned review of experimental studies of LAM identifies a
range of parameters, including material properties, operational conditions and laser
characteristics, which contribute to the preheating thermal behaviour of a rotating
cylinder due to laser spot heating. Due to the interdependency of these parameters,
the experimental investigations provide limited scope for isolating such influences
and accurate controlling of the variable. In this respect, numerical modelling offers
the flexibility and versatility for a comprehensive analysis, whereby individual
parametric effects can be appraised and understood with high flexibility. There have
been several reported efforts in developing cost-effective and fairly reliable

analytical models, albeit ignoring some key thermal and material aspects. In
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improving the current knowledge base in this field, this work presents the
development of a numerical simulation to describe the preheating thermal behaviour
of a rotating cylinder subjected to laser spot as a surface heat source in LAM. The
proposed numerical models are demonstrated to be not only more affordable tools
but also offering thermal knowledge which may not be achieved even by decent

measurement techniques (e.g. thickness of thermal diffusion).

Table 6. 1 Summary of TAM techniques used in titanium alloys machining

Features/ Critical Controlling | shape of
TAM A Heating Heating Advantages
Technique operation Area
. - Improving MRR
érl]_ga:see_r 232Ts:22|dent - Decreasing 30% - 60% in
LAM - Cutting tool / Ia.lser Troub[e-free Spot area cutting BITEES -
beam distance operation - Getting a better surface finish
- Reducing tool wear around
- Laser power 90%
- Decreasing 20% - 40% in
- Voltage electric arc. E:l:Lttl:rr]e(‘z;a\z(i);(g:;eli/lRR around 2
PAM - Type of material Diﬁicglt Localised times
- Surfaqe temperature | operation area - Enhancing cutting tool life
- Emissivity of surface around 1.5 times
- Lower power requirement
- Reduction of acceleration of
amplitude to range 25% - 80%
- Reducing the cutting force in
range 36% to 54% -
- Frequency and Increasing by around 206%
intensity of the input Surface | and 214% for tool life and
electric current I volume of metal removal,
- Induction coil shape Simple directly respectively
IAM - Specific heat, operation adjacent | - Decreasing sharply in
magnetic permeability, to the coil | Surface roughness up to
and current flow shape certain heating temperature,
resistance of the then beyond this temperature
material slightly increases
- Almost continuous chip
produced with increasing
heating temperature
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6.2 Experimental Work

A small-scale rig has been designed to simulate lathe machine without cutting tool.
The test-rig has been designed to make a process of monitoring the heating a rotating
workpiece surface by low power laser, the with use IR camera. This test-rig consists
of several parts namely: two metallic bases (fixed and mobile), one bearing, two
titanium alloy workpieces, DC spinning motor, DC motor for linear velocity, and
speed control box. Before doing the experiments, the laser reflection test has been
done for safety tests and check the absorptivity for the workpiece surface, as well.
Reflection test has been shown that most of the laser energy has reflected from the
shiny surface of Ti-6Al-4V workpiece. Therefore, the need to know the emissivity

of the workpiece surface was necessary, which prompted the test of emissivity.

The emissivity test measured the normal spectral emissivity of the Ti-6Al-4V
alloy and explored the possible reasons for the oscillatory behaviour in emissivity
during the thermal process. A simple method has been set up to quickly test the with
an infrared thermal imaging system within a small distance according to the theory
of measuring temperature by infrared system, which is based on the Planck radiation
law and Lambert-beer law. The workpiece temperature has promoted and held on by
a heat gun while a temperature difference has been formed between the workpiece
and environment. Further, the emissivity and the testing distance between IR camera
and workpiece were set at 1.0 & 0.2 m, respectively. In the present test, the effect of
surface conditions on the normal spectral emissivity of the Ti-6Al-4V alloy was
investigated at a temperature range from 25 °C to 120 °C. This test describes the
emissivity estimation of the three workpieces (shiny, rough, painted) to be used for

correlation in numerical study of the heating Ti-6Al-4V workpiece by CO2 laser.

The results of an emissivity test for shiny, painted, and rough workpieces
have been plotted in figures (3.33), (3.34) and (3.35), respectively. The
measurement results of emissivity test are in good agreement with the data reported
by other literatures. As clearly seen in figures (3.34) and (3.35), the normal spectral
emissivity results of two different types of the Ti-6Al-4V workpiece surface showed
the same rule and trends. The emissivity of rough and painted surfaces decreases
with the increase of workpiece temperature. The test results confirmed that both

black-painted and rough surfaces have a better value of emissivity compared with a
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shiny surface. Additionally, it has found that the absorbance of the black-painted
surface higher than the rough one. It is remarkable that, between 25 °C and 120 °C,
the emissivity of the rough surface goes to a maximum (0.63) around 64 °C. While
the testing results show the emissivity of the black-painted surfaces reached to the
maximum (0.91) around 75 °C.

The experimental work of this research has been carried out in four stages with two
titanium alloy workpieces. The machine laser Photon Machine (C-55L CO2 laser)
was used as a heating system to preheat workpiece in the experiments. Furthermore,
to measure the temperatures distribution at the workpiece surface, the FLIR
ThermoVisionTM A40V Camera has been utilized for that. All the experiments
have done at thermal emissivity (0.5) and fixed distance setting IR camera away
from the workpiece.

6.3 Numerical Work

To emulate a typical LAM setup, the modelling configuration used for simulating the
preheating thermal behaviour of a cylindrical workpiece subjected to laser beam as a
heat surface source in advance of the machining process. As the intended purpose,
the model is setup only to examine the laser preheating requirements for appraising
the material softening potential in preparation for the subsequent cutting operation.
Hence, the cutting-generated heat is not included in the analysis, allowing the
examination of laser preheating thermal behaviour in isolation of the cutting tool
integration. A finite volume-based numerical simulation that examines and analyses
the thermal response imparted by laser spot preheating on a rotating surface. The
process surface behaviours which include absorption, reflection and forced
convection (as a result of rotation) are considered as boundary conditions while heat
diffusion across the rotating geometry is simulated. Thus, the simulation modelling
accounts for the radiative heat absorption over the laser spot, the combined
convective and radiative surface heat losses from the entire workpiece surface.

This problem has various numerical and physical sensitivity issues that are
crucial for obtaining valid results. The model examined the influence of laser power,
laser scanning and rotational speed on surface temperatures distribution. The
combined cylinder rotation and the laser transverse motion impart a unique

fluctuating temperature profile that propagates into the workpiece material. The
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numerical analysis is developed using a three-dimensional finite volume framework
and the ANSYS FLUENT platform, recognising their advantages as a computational
scheme. The FVM is more robust in handling conservation equation and energy
diffusion with embedded heat sources. Moreover, it warrants the use of single
rotating reference frame (SRF), as required in modelling the workpiece rotation and
complex temperature-dependent formulation involving combined convective and
radiative thermal boundary condition. Apart from the numerical accuracy and
robustness, ANSYS FLUENT is utilised for its ease of implementation, solver
compatibility with other multi-physics platforms (Finite element modules for
thermostructural behaviours) and the code versatility in customisation.

The three-dimension numerical model developed needs to conform to some
critical requirements in order to achieve converging, stable and valid simulation. In
spite of the advection term being absent, the transport equation is theoretically prone
to be unbound and leads to truncation errors. With low-order discretisation scheme
(first order upwind) or insufficient mesh refinement, numerical instability is readily
observed as a consequence of large spatial and temporal gradients across the domain
that could force the solver into a rapid divergence. Therefore, grid generation was
initially set through a global estimation of relative truncation error (as a function of
average grid spacing). Accordingly, further grid refinement was applied on domain
boundaries to include sufficient resolution for effective management of laser
intensity profile and convection heat loss over the curved cylindrical surface.

Application of large energy heat source over a small area of the laser spot at
the boundary gives rise to high spatial temperature gradients that leads to mesh-
oriented nonlinearity. In avoiding such issues, the radial mesh resolution is increased
towards the curved cylindrical surface. These refinements are applied across five
layers of cells for smoother transition, starting from a coarser distribution in the
centre core. The sensitivity arising from the ratio of angular mesh resolution to
rotational velocity has also been considered as a temporal criterion for grid
generation. In this, the refinement was kept at not less than 1 angular refinement and
within 0.1 mm for laser movement. The final mesh consists of 858.231 hexagonal
cells. Temporal refinement of 0.01s is applied for the cases investigated, giving
sufficient robustness even for the maximum Courant number (based on heat flux

estimations) due to the implicit time scheme utilised. QUICK formulation is used
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for spatial discretisation of energy equation with a second-order implicit temporal
discretisation. Discretisation scheme of higher than first-order accuracy is necessary
for both convergence and validity.

The modelling parameters of laser properties, cylinder dimensions, cutting
variable and temperature recording locations are chosen to match those of a previous
experimental study, allowing model validation and sensitivity analysis against the
known data. Using the experimental data, the simulation model is validated in three
stages to establish the predication accuracy, the assumptions made and the
parametric sensitivity, as outlined below. They are as follows: (a) establishing
appropriate laser profile, (b) appraisal of transient surface thermal response of the
cylinder against the three measured data points and (c) influence from varying laser
power output and laser traverse velocity.

With the validated numerical model, this study extends its applied usefulness
to formulate a practically usable parametric predictor as a guiding tool for LAM
preheating operations. For this, the model is first deployed to produce a vast array of
data sets on the thermal behaviour of cylindrical workpiece with laser spot heating
encompassing a range of parameters including laser power and rotational velocity.
Such a unique collection of information is extremely tedious, costly and time-
consuming to obtain through experimental means, thus vindicating the advantages of
the simulation methodology presented. These simulated data sets are then correlated
through ANN principles and ML algorithm to synthesise the LAM preheating
parametric predictor. This tool is trained for assimilating parametric effects over the
entire range of simulated data, thus making it capable of forecasting the most
effective laser preheating requirements for LAM for a chosen input of cutting
parameters. Guided by this tool, the LAM operations can be performed with precise
preheating levels necessary to obtain the required depth of thermal penetration into
the workpiece for improved machinability.

For illustrating the ANN predictor concept, this study adopts a simplified
data set of quasi-steady temperatures of the preheated workpiece, instead of its
transient thermal behaviour, without sacrificing the applied practicality and the
technical significance. For generating such data, the transient thermal model is
executed with non-traversing laser heating applied to the rotating cylinder until

thermal equilibrium (quasi-steady state) is reached. The circumferential
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temperatures reflect the combined effects of workpiece cooling by convection and
radiation from the surface and thermal diffusion into the workpiece core. The radial
temperatures essentially capture the thermal diffusion effect and the depth of heat
penetration into the workpiece body. Therefore, this discrete data set represents the
full steady thermal picture of the preheated cylindrical workpiece and is indicative of
the laser heating required to impose targeted thermally softened material depth for
LAM.

To attain a better thermal understanding for preheating titanium alloy
workpiece by a low-power laser beam, the numerical model has been used and run
with new sets of simulations. These simulation sets were built-up according to the
experiments explained in Chapter three. This investigation was executed for a
higher range of rotational Reynolds Number, which is not many examined in the
previous studies of this research area. Two major outcomes have been gained from
these sets of emulations, firstly, expanding the effectiveness of the numerical model
analysis by comparing the numerical data with the data of our current experiments.
Secondly, achieve a good understanding of temperatures distribution inside Ti-6Al-

4V workpiece by visual the diffusion pattern.

6.4 Achievements

Preheating of workpiece before initiating cutting process has indicated much more
effectiveness in increasing the machinability than other techniques used for HTM
materials. In the present experiments, the reproducibility of the surface temperature
data of Ti-6Al-4V workpiece was excellent, which showed that the random errors
did not bring about any observable effect on the experimental results. One of the
most convenient and effective ways to reduce the difficulties of a titanium alloys
machining and increase its working accuracy is process of the preheating workpiece,
especially for turning process. The results presented here may facilitate
improvements in the machining of titanium alloy (Ti-6Al-4V). The detailed

conclusions drawn from these experiments are as follows:

v The behaviour of surface temperatures increasing was found similar during

heating black-painted workpiece and rough workpiece, as well.
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v" A laser beam with low power is a beneficial heating source to rise surface
temperature and soften the workpiece surface layer.

v" The achieved surface temperature will be enough to decrease the cutting tool
pressure on the workpiece surface, thus, decrease cutting forces during the

machining process.

The main achievement of this thesis is the development of a new three-dimension
numerical model for predicting temperatures distribution. The newly developed
model has been verified experimentally and efficiently applied in real machining.
The numerical investigation and its ensuing outcomes presented in this thesis
provide unique analytical and practical benefits for applications involving laser-
assisted manufacturing processes. The numerical investigation and its ensuing
outcomes presented in this research provide unique analytical and practical benefits
for applications involving laser-assisted manufacturing processes. The key aspects

and deliverables of this investigation are concluded below:

» The study has formulated a well-validated and accurate numerical model for
predicting the transient thermal behaviour of a cylindrical rotating workpiece
due to laser preheating, as used in LAM applications. Overcoming previous
analytical limitations, the model accounts for the complex thermal processes
associated with heat absorption over the laser spot area, thermal diffusion
into the workpiece, and the cylinder surface cooling arising from thermal
radiation and rotational convection.

» Advancing the status-quo of numerical modelling for this field, this
simulation methodology is developed on a single rotating reference frame
(SRF), incorporating the combined motion effects of workpiece rotation and
traversing laser beam, hence presenting a much realistic treatment of LAM
workpiece behaviour subjected to laser spot heating. The predictive
precision is derived through boundary configuration involving dynamic
surface profile and source term that guarantee validity and stability of
simulation.

» This carefully developed simulation delivers flexibility to extract thermal
information, hence warranting insightful understanding on the transient

thermal behaviour of a laser-preheated rotating cylinder. Such depth of
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information is not practically feasible to capture through even the most
sophisticated experimentation.

Covering a wide parametric range for LAM variable, the model is extended
to generate an extensive data set, which is correlated and trained using
Artificial Neural Network principles to synthesise a parametric predictor.
This machine learning approach facilitates the forecasting of LAM
preheating requirements as an operational guide for manufacturing processes
and identifies the potential for optimisation of LAM variables through
preheating.

Expanding the simulation process by emulating heating cylindrical Ti-6Al-
4V workpiece according to the set-up of the experiments of the current study,
gives a better picture to understand the thermal gain from the identical laser

beam through absorption and re-radiation process.

6.5 Suggested Improvements and Recommendations for Future Research

Interests

This work has clearly identified the simulation possibility for modelling the transient

thermal problem associated with heated rotating cylinders. Nonetheless, the model

validation was limited to data of preheating the workpiece before starting the cutting

process, hence comprehensive analysis could not be performed for machining

operation. The following suggestions are made to consider developing the numerical

model for future expansion of this research work:

X/
°

Improvement the numerical model to simulate a transient thermal behaviour
of the preheating rotating workpiece during the cutting process.

Considering different heating styles by laser (spots, zig-zag, curves ... etc.) in
future cases studies for heating rotating cylindrical workpiece.

Further investigation should be taken on the study thermal stresses at the
heating area and cutting zone, before and during the preheating process.
Monitoring the torsional vibrations of the workpiece before/after cutting
operation to study the effect of preheating process.

The obvious focus must be on the monitoring plastic deformation at the

heating zone and contact spot of a cutting tool and workpiece.
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¢ Studying the influence of the setting LAM parameters (laser power,
wavelength... etc.) on the mechanical properties of the workpiece metal.

% Further investigation of the transient thermal problem in LAM associated
with heated rotating cylinders with a wide range of laser properties and

machining parameters.
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