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Abstract

One of the effective strategies to improwbe dry machining processes is the
implementation of micrdextured cutting tools. Micrtextures decrease the chigml
contact length and thus reduce friction and heat which lead to better surface quality and
longer tool life. However, microutting of the bttom side of the chip, known as derivative
cutting, is an issue when using textured tools. Derivative cutting increases the cutting
forces, heat, and ultimately tool weahis work investigates the effect of mierexture

design parameters on the occaoe of derivative cuttingand offers design
recommendations when preparing migrooves to eliminate/reduce the severity of this
phenomenon.Besides, this studynvestigate the effect of micregrooves design
parameters and cutting velocity gower consumption, flankool wear, and surface
roughness when machining AIS| 104Boreover, i thisstudy an Oxelybased analytical
model is developed to optimizthe micro-textured cutting tool design(sh a way
eliminaing the occurrence of derivative timg. The model accommodates any workpiece
material, tool geometry, and machining paransetdihe model was validated by
orthogonal cutting of AISI 1045 steel tubdBesides,in this study, a newholistic
performance analysis approach wiaseloped andtilized to evaluate the performance of
machining usingtextured and notextured cutting tools considering the life cycle
assessment impag¢tbe existing sustainable machining elemgatgithe product quality
aspectsThe current study offers approaches and design recommendations to achieve a

sustainable machining environment with considering the quality of the machined product.
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Chapter 1. Introduction

1.1 Preamble

There isrecentlyan increasing demand to accommodate the sustainability requirements
within a wide range of industrial related activiti#®.satisfy the sustainability requirements

in the machining fieldmany efforts have been devoted for developing hew machining
strateges that minimize the negative environmental impacts of the machining prodesses.
this chapter, an introduction regarding sustainable machining technigjyggsented.
Furthermore, the usage of the textured cutting t@olenhancing the performance of the dry
machiningis presented in thishapter Besidesa brief review of the recery developed
sustainability model$or assessinghe machining processésintroduced in this chapter.

Finally, the research gap, thesigectivesand thesis structure are presented.
1.2 Sustainable machiningprocesses

Recently, more efforts have been devatedatisfy the sustainability requirements in the
manufacturing sector. Despite the crucial role of the manufacturing sector in the global
economy and job creation (i.e., economic and social asp#wsinanufacturing sectis
consideredan intensive energ consumption sector. This intensive energy consumption
contributes to the high growth of carbon dioxide emissions. Téegeonmentaburdens
increase with the growth of the manufacturing sedtor instancethe energy consumption
from the manufacturm sector has been doubled in the U.S. in the last 60 jHarshe
machining processes are consideasda significant part ofthe manufacturing industry
representing 5% of theross Domestic ProducGDP) in the developed countrig¢g]. The

sustainable machining process can be described as the process which enhances
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environmental friendliness, decreasies resultantvastes, reducdle energy consumption,
lowers the machining cost, and improtesoperational safety and hea|8]. Consequently,
the machining strategies which reduce the environmental impact, operational health risks,
cost, resources consumption, and output wastes have received much attentitastrivitee

decades

Recently, modern industries have more interest to utilize matéhati$iave outstanding
properties such as high strength, high toughness, and high hardness. These materials can be
defined as difficulto-cut materials. Rapid tool wea accompanied when machining these
advanced materials, and this affects the machmmeduct qualityand the total machining

cost. To overcome the raised problems, conventional cutting fluids are used to dissipate the
high generated heat armbnsequentlydecrease the rate of tool wear. Thus, thera is
noticeablenigh usage of cutting fluids in the metal cutting industry. For example, industrial
metalworking fluids represented 7% of the total lubricant saléseit.S. in 2018 which

equals 175 million gatins[4, 5]. On the other hand, there are several environmental and
human health burdens associatetth the usage afutting fluids. They are hazardous to store

and dispose due to the toxicity of their components. Also, exposure to these toxic chemicals
can contribte to serioushealth concerns angroblems for the machinm®ol operators
including dermatological diseases, genetic diseases, respiratory diseases, and lufgj cancer

It was reported in the &thatbetween 700,00Q,000,000 operators are exposed to cutting
fluids which contribute to 80% of the jaklateddisease$7]. Accordingly, high personal
protection procedures have to be followed during the preparation and usage of the cutting
fluids, and special chemical and physical treatment procedures are required to safely dispose

of the cutting fluid48]. Therefore, additional costs may be added to ensure thessafe of
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cutting fluids to the environment and operatdis satisfy the sustainability requirements in

the machiningindustry, various efforts have been devoted to develop new machining

strategies that minimize the negative environmental impacts of the machining processes.

Figure X1 shows the ring of sustainable machining stratef§@ksrThis ring includes widely

applied machining strategies such as dry cutting, cooling/lubrication methods using the

minimum amounts of cutting fluids, cryogenic cooling, hjgessurecooling and

biodegradable cutting fluid&linimum quantity lubrication/cooling (MQL/MQCLis based

ona small quantity of cutting fluid in the shape of aerosol to the cutting zone. MQL shows

many benefitssuch asgostsaving, energygaving, and cutting fluid saving to promote an

eccbenign cutting environment. The Mg&QHs fl o

ml/h [9]. In cryogenic cooling, materials with very low temperatuee atilized as cutting

fluids. These materialsicludeliquid hydrogen with a boiling pointoR2 52 . 8 8 2 C, |

nitrogen LN with a boiling pointof1 95 . 8 0 C, liquid o-28687en wit
C, and call ed dry i7c8e 5hhe tablingsmaterials areastippliech p o i

to cutting fluids during cryogenic coolintyatevaporates immediately without any pollution.

The cutting fluids are applied at very high speed and high pressdighitpressure cooling

(HPC) technology. HPC offers a high ability of the chip breaking due tonatinetof the

high pressurized applied fluids. Biodegradable cutting fluids including vegetable and ester

oils are the most environmental fluids in terms of the end of life stage as the disposal of these

fluids is safe to the eesystem. Besides, theageof these fluids daenotshow any negative

i mpacts on the operatorsaswdlleal th and reduce

In generalthe previous research works in sustainable machining area can be divided into

two main categorieas follows
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1 Developing andenhancing the performance of the machining strategies which are
promising to meet the sustainability requirements
1 Developing tailored sustainability assessnrantelsfor the machining processes
Accordingly, thecurrentresearch objectives can be divideto:
I.  Enhancing the performance of dry machining (one ofntiwst sustainable machining
strategies)
II. Proposing a new sustainability approach for assessing and optimizing different

machining strategies

s e g e e g e g S
1 One of the most sustainable machining strategies |

Sustainable

machining
strategies

Figurel-1. Ring of sustainable machining strated@ls(resued with permission)
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1.3 Textured cutting tools: Derivative cutting phenomena

There isrecentlymore demand to adopt the concept of dry machining as it is one of the eco
friendly strategiess it is eliminates all the environmental impacts associated with the usage
of cutting fluids Besides, there are many research wikssed ordevelopingcutting tool
materials, tool geometigdesign coating of the cutting tool, and cutting tool surfeeoduring

to overcome the drawbacks of dry machinihbese drawbacks are high tool wear and low
productivity as a results diigh friction forces and high cuttinfgeat accompaniedith dry
machining.Surface texturing of the cutting tools can be defimgthe generation of textures

in the micro/nanescale range on the rake face or flank face of the cutting tool. There are

three main benefits of using textured cutting tools which are:

1 Decrease the chifmol contact lengtlwhichreduce friction and heat tookchip interface
1 Trap the debris generated by abrasive and adhesive wear mechanigmnimize the
ploughing actions on the teohip and toclworkpiece interfaces
T SSore the cutting fluids into thiagfllilext ur e:
(i.e., tribafilm) to reduce the direct contact between the chip and the tool
Based on the open literatyiewas found thathe textured cutting tool has a big contribution
in reducing the chitool contact length, trapping the lubricants (ot fluids/solid
| ubri cant s) i nsi de trapping thee generatedelwi®. Hawaverj t i e s
additional cutting of the bottom side of the chip has been found when using the textured
cutting tools[10]. This micrecutting of the bottom side of the chip by thécro-grooves
edgesis definedsi Der i vati ve cutting phQ-2a.dmseniceed as s
cutting phenomena by the miegnoovesedges present more forces and additional cutting

temperature. Therefore, derivative cutting phenomena aodvn the benefits of using
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textured cutting tools. Besides, the derivative cutting phenomena lealisdst complete

filling of the cavity of the micregr ooves with the chipds mater
micro-grooves may be blocked at a certain time during the machining process as shown in
Figurel1-2(b). This meanshatthere will be a high affinity between the chip and theahis

material in the micrgroovesc avi t i es . Therefore, some chi g
cavities will stick on the bottom side of the chip and result in a high wear rate on the rake

face of the cutting tool. The dimensions of the migrooves play arucial role in the
performance of the textured cutting tool, especially on the derivative cutting phenomena.
These dimensions aposition, width, depth,andthe radius of the micrgrooves edge as

shown in Figurel-2(a).

Derivative cutting 1;: Distance from the cutting edge

I,: Width of the micro-groove
d: Depth of the micro-groove
r: Edge radius of the micro-groove

Micro-groove

Cutting edge

Chip material
inside the
micro-groove

(b)
Figurel-2. (a) A schematic diagram of the derivative cutting phenoniétag and(b)
Optical image of rake face wear of migextured tools after turning AISI H13 at v= 95
m/min, f=0.2 mm/revand DOC=0.5 mnji12] (resued with permission)
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1.4 Previoussustainability assessment models for machining processes

Many attempts have been made in tpenliterature to provide accurate sustainability
performanceassessments the manufacturing processes. These develapsdssmentre
used for three main gtsaas follows:a) evaluating theachievedevel of the sustainability
principles within the procesk) improving the sustainability performance of the process, and
c) offering thedecisionmaker the sustainable optimized inpUthese assessmemwdels
provided tailored metrics and indicators for the machining processes. These tailored metrics
are considered as sustainable machining elements and guidelirteermore, thesaodels

offer a single sustainability index for selecting the sustainable darpamtal cutting
condition.

In addition, the life cycle assessment (LCA) é@mmonly used in thepenliterature for
evaluating the environmental burdens, human healplacts and the resources efficienaly

the different life cycle stages of the produ@snilarly, variousattempts in the literature
have tried to utilizeLCA for electing the ecofriendly operating parameters for the
manufacturing processes. As the machining process is one of the significant contributors
the manufacturing processes, #re/ironmental impacts of the machining processes start to

be evaluatedsngthe LCA
1.5Research gap and motivation

Although many research works have discussed the benefits of using textured cutting tools
[13, 14] few papers have presented and discussed the derivative cutting phenomena.
According to the early stagef investigating and discussing the derivative cutting
phenomena, there is a need to have a deep understahtfiisgplienomenon to exhaustively

evaluate the advantages and disadvantages when using textured cutting tools. A few papers

7
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have explained the effect of the migyoooves width, distance from the cutting edge, and the
radius of the associated edge in therivchtive cutting[10, 15] While the selection
optimization of these dimensions to eliminatedeévative cutting phenomena has heen

fully provided. Besides, there is a need to develop an analytical model to design (select) the
optimal micro-grooves dimensions which eliminaeduce the severity tfiese phenomena

at different machining paranes. In addition, there is need toinvestigage the effect of
micro-grooves design parameters and cuttietpcity on powerconsumption, flank wear,
andsurface roughness

The machining processes have been separately assessed using either L&dstitige
sustainable machining elements, or product quality asipeitts open literaturfl6-21]. The

existing sustainable machining elements have been presented and discussed in different
studies[20, 22] Previous studieh ave wused anot her ustaimabiltycal | ed
AssessmenflL.CSA) ,dhowever they only discussed the framework of the LCSA approach
[23]. Furthermore, they did notr@vide any specific assessment methodology for the
machining processes. In terms of the optimal process parameters selection, most of the
researchers considered only one integrated sustainability index in the selection criteria. This
index was either therpduct sustainability index or the total LGorethat integrates all
individual aspects in a single indg0-22]. The drawback of considering only one indicator

is electing only the best set of process parameters, which abates the range of the selection
process. In other words, it converts the selecposblem type from a muhbbjective
(multiple indices) to a singlebjectivebased problem. Besides, considering only the
sustainability principles may lead to a sustainable machining process with bad product

guality. Consequently, it is not a proper smaotto consider only the sustainability
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requirements with the absence of the machined product quality aspects when selecting the

optimal process parameters.

1.6 Research objectives

To reduce the drawback of the dry machining strategy using textutedg tools, one of

the main research objectives is to eliminate the disadvantages of utilizing textured tools.

These research objectives are listed as follows:

1 Develop a numerical modef the machining processesingtextured cutting tool$o
offer a deep understandingf the derivative cutting phenomerand to slect the
optimized level for each significant texture paramegtminaing this derivative cutting
phenomena

1 Develop an analytical model which offers an optimized design of the texturked too
eliminating the derivative cutting phenomena

1 Investigaethe effect of micregrooves design parameters and cuttiabpcity on power
consumption, flank weaandsurface roughness when machiniigl 1045

To address the research gap inghsetainability assessment of the machining process, one

of the main research objectives of the thesis is to develop a novel approach that attempts to

cover these gaps obtained in the previous assessment models. The main contributions of this

approach areighlighted as follows:

1 Developing an approach that accurately expressesuttairsability analysidor the
machining processes which includes life cycle assessment impacts and the existing

sustainable machining elements.
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1 Extending thesustainability analsisto be used as a performance analysis model of the
machining processes by integrating a new metric expressing the quality of the machined
product.

1 Optimizing the process parameters of different alternative inputs to obtain the superiority
range of eachinput (machining strategy) through modeling and moiliective
optimization proceduref six sustainable machining metriwghout the adoption of only
one indexUtilizing the nordominated sorting process to obtain the outstanding optimal
solutions (ne-dominated process parameters for each input) of the studied machining
strategies inputs.

1 Conducing a holistic performance analysis of textured and-textured tools using the

newly developed sustainability approach based on the conducted experimental results

1.7 Thesis Structure

The thesis structure is offered as shown in Figu8e

10
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Chapter 1: Introduction
Introduction of sustainable machining and sustainability assessment
Research gap and motivation
Research objectives

v

Chapter 2: Machining using textured-cutting tools
Literature review of machining using Textured cutting tools

v

Chapter 3: Sustainability assessments of machining processes
Literature review of sustainability assessments of machining

processes

Chapter 4: Finite element modeling when using textured-cutting tools
Numerical modeling of machining using textured cutting tools for
selecting the optimized level for each significant texture parameter

v

Chapter 5: Experimentation and analysis
Providing the objectives and details of the conducted experiments
Experimental investigation of the effect of micro-grooves’ design
parameters and cutting speed on energy consumption, flank wear,
and surface roughness when machining AlSI 1045

v

Chapter 6: Analytical modeling for designing the micro-textured cutting
tools
Develop an analytical model which offers an optimized design of the
textured tool eliminating the derivative cutting phenomena

v

Chapter 7: New developed sustainability approach for machining processes

Integrating the LCA impacts, existing sustainable machining elements,
and surface integrity aspects in new performance analysis model
Developing a decision-making procedure

Conduct performance analysis for the textured and non-textured
cutting tools using the new proposed sustainability approach

v

Chapter 8: Conclusions and future work
The research findings, contributions, and the future works

Figurel-3. A schematic diagram showing the thesis chapter
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Chapter 2. Machining using Textured Cutting Tools

2.1 Preamble

This chapter presents a literatoegiewof themachining studiegelated taising the textured
cutting tools.This chaptershows the advantages of using textured tools compared t0 non
textured cutting tools. In addition, it provides an overview of the surface texturing technique
utilized for generating the textures on the rake and flank faces of the cutting tode®esi
the effects of using textured cutting tools on the cutting forces, cutting temperature, tool
wear, andsurface integrityare provided in this chapter. In addition, a reviewheterivative
cutting phenomena and its negative effestpresented. Fly, this chapter includes the
opportunities of enhancing the performance of the textured cutting hgaksducing the

severity of the derivative cutting phenomena.

2.2 Dry machining

Dry machining {.e., machining without the existence of cutting fluids) is one of the ideal
strategies to eliminate the environmental and human health impacts of the machining
processes. This comes from eliminating all the impacts associated with using the cutting
fluids. Besdes,the dry machining strategy shows clean and healthy working environment
that meets the environmental and occupational regulations. Besides, it is considered as one
of the economic alternatives as it saves the purchasing cost of cutting fluids, eppbéat

the cutting fluids, maintenance of the cutting fluids, and the disposal costs. It also shows
superiority over other machining strategies in terms of waste management as it generates dry
chips and eliminates all the washing and drying processeschbgdee other strategies. On

the other hand, there are drawbaiated todry machining as shown in Figuel. There
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are high friction forces and high cutting heat generation with the absence of the coolants and
lubricants in the dry machining. Thesdlwead to a high tool wear rate and builg edge
formation. Therefore, poor product qualitye(, surface integrity) will be associated with dry
machining, especially when machining low thermal conductivity maseflialmaintain high
product qualitythe feed and the cutting speeds are slowed down, which sgahockictivity
(i.e., metal removal rate) and increaggoduction cos Besides, dust (i.emicronic and
submicronic fine particles) is generated when machining processes are carried odtyunder
conditions. These fine particles cause health probfemthe operator§24]. Accordingly,
researchers have paid high attention to optimize the machining parameters to eliminate the

drawbacks of dry machining. Besides, matydies have provided newlesignsof cutting

tools to overcome the disadvantages of dry machining suextased cutting tools.

Comparison between the positive and
negative impacts of the dry machining

>
2
2 )
] Q
o =
E o
0 -o-_—
2 ®
x o0
'3 )
s P

Figure2-1. The positive and negative impacts of dry machining strg@sjy
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2.3 Advantages of using textured cutting tools

Dry machiningis a promising sustainable strategy as mentionechapter 1. Due to the
drawbacks of the dry machining strateggsearch has tended to focus on improving the
performance of the dry machining strategy by reducing the direct machining cost and prolong
the tool life. Many studies have been conducted to enhtheary machining by utilizing
different tool materials rad tool geometes [26, 27] Besides, other attempts have been
devoted to the development of higerformance coatings for the cutting tool by adjusting
the coatingds chemical compositionsuchasd deve
nanocomposite and naff@minate coating$28]. These higiperformance coatings offer
super properties such as very high hot hardness, high oxidation stability, and high chemical
stability [29]. Moreover, there is a growing interest in using texturgting tools to satisfy

the sustainability concerns along with achieving high machining performance. Surface
texture is defined as the generation of micro/rscale textures of different shapes on the

rake or flank faceas shown in Figurg-2(a). These textures are utilized [tb4]:

1 Texturing the cutting tools helps to reduce the friction in the-tdop interface by
decreasing the contact length between the chip and tool as shown inZRfbjeThe
contact length ithecase of using a textured cutting tool equals the total frictional length
(starting from the cutting edge to the point where the chip leaves the contact with the
tool) minus the total widths of all textures. Figte(a) srows the frictional force
componen(’O) in the chiptool interference which depends on the frictional length as
presented in equatio-(L) [30], whered is the chip thickness is the frictional length,
andt is the shear strength at cHigol interface. Therefore, reducing the frictional length

by using a textured cutting tool results in less frictional force. Besides, Fiei(t®

14
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shows the heat flow during the metal cutting where the average tempersasie e

tool-chip interface— depenthg on the chiptool contact length as presented in equation
(2-2)[30], whereY is the ratio of the heat flowing into the chip to the total heat generated

by the toal chip friction, 1| is the heat produced by tdchip friction per unit time and

unit area® is thermal diffusivity of the workpiec® is sliding speed of the chipnd

_ isthermal conductivity of the workpiece. The reduction in the cutting temperature

when using th textured cutting tools is not only limited to the reduction in the-twop

frictional length, but it is also due to the increase of the surface area associated with the
generation of the textures (i.e., increase in the heat dissipation area). Bhsitiedures

of fer aerodynamic |l ubrication where the te

chip and tool which reduce the cutting temperal8ig 32]

O wat (2-1)

— ™ W Qarn 1_ (2-2)
Textures on the rake face of the cutting tool are considered as a reservoir for lubricants
during the machining procefse., acting as micrpools) The cutting fluids are trapped
i n the textur e schip icteaface. (Thug s thialrh of tulrieatioh is o |
formed, and this produces no direct contact between the chip and the tool which leads to
reducing the cutting forces and cutting temperatiraddition, the micrdextures can
be used as reservoirs for the sdlidricantsthat suppy lubricants atthe chip-tool
interface
Textures on the rake face or the flank face of the cutting tool trap the debris generated by

different wear mechanisms such as abrasive and adhesive wear mechanisms. This

15
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minimizes the ploughing actions in techip and toolworkpiece zones which leads to

less tool wear and better surface roughness of the machined product

Set of the micro-grooves over
the rake face

Rake face of the
cutting insert Iy

Il et

Wy (A

Grooves

Non-textured cutting tool Textured cutting tool

(@) (b)

Figure2-2. (a) Textured cutting too[33], and(b) the chp-tool contact length in the
textured and notextured cutting todl13] (resued with permission)

Chip-tool interface

Shear plane

Uncut chip thickness

S Rig
N
a ~
(1-Ri)g ¢(\\ rake angle
Workpiece y BN -
/ ~ /\
/  Shear plane Shear angle Cutting edge
(@) (b)

Figure2-3. (a) Friction force component acting in the ctopl interfacg34], and(b) heat
flow during orthogonal cutting proce$30] (resued with permission)

2.4 Surface texturing techniques and different textures shapes

There are various techniques for generating these textures over the rake and flank surfaces
of the cutting tools. These techniques are varied from thermal energy-nmactuning

techniques to mechanical miensachining techniquefl4]. Examples of thermal energy
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micro-machining are laser surface texturing and eledisocharge micranachining. Laser
ablation removes the substrate material by rapid melting and vaporization actions when
subjected to lagdigh-energy pulses. The laser surface texturing techniques can be classified
into two main type$35]. The first type ighelong-pulse laser technique such as nanosecond
Nd:YAG laser. This type is the common type used for generating the textures over the cutting
tools.While the other type of ultrashort pulse lasersidsdhe defects of the long pulse laser

(i.e., cracks, dislocations, and voids), and provides better control of the tegtyge
geometry. Generally, laser technique has the required capabilities to generate textures for
different types of substrates witbss surface contamination and environmental pollution.
Besides, the laser techniques can be utilized to generate different shapes of the textures such
as linear grooves, cylindrical dimples, and square pyraf@@&s37]as shown in Figure-2.

In the micreElectro Discharge Machining (miciteDM), the material removal is occurred

due to the melting and vaporization at the point of discharging. This technique has been
utilized to generate holes on the rake face of the carbidg8®joFor the mechanical micro
machining techniques, micgrinding is the most effective technique for generating linear
grooves The material is being removed similar the conventional grinding process.
However, the chip thickness and the edge radius are in 1sgale. Xie et al[31] used
grinding diamond wheel Mip to generate linear microgrooves over the rake face of the
carbide toohsshown in Figure 25(a) Moreover, he hardness tester is used to apply textures

as a result of the indentation on the cutting tool surface. This technique can generate different
shapes of the textures such as the conical, round, square pyramid, by utilizing different
hardness testers suckh Rockwell and Vickers hardness testers. For example, conical and

square pyramid textures were generated by different hardness testers dvightBpeed

17
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Steel (HSS) cutting tool32] as shown in Figure-8(b). This technique offers high
dimensional quality of the texture due to its high repeatability without causing any thermal
stresses@s associated witthe thermal energy micnmachining techniquedt should be

stated that the linear grooves can be generated in different orientations as shown in Figure 2
6. The linear grooves can be perpendicular, parallel, or-gratsrn orientation with respect

to the chip directiori39] as shown in Figure-8(a). In addition, the linear grooves can be

perpendicular or parallel to the maimtitng edgg34] asshown in Figure 25(b).

Cylindrical
dimples

Laser setup components

L ND filter

@ " (b) ©

Figure2-4. (a) Femtosecond laser miemwachiningwasused in36], (b) linear grooves
[36], and(c) square pyramids and cylindrical dimp|8%] (resued with permigsn)

Micro-grinding
process parameters

A\ V-tip

Diamond wheel

Micro-grooves
Rake surface

Cutting edge

(@) ()

Figure2-5. (a) Micro-grinding used for generating linear grooy@%], and(b) conical
dimples generated by Rockwell hardness t¢8@r(resued with permission)
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Chip flow
direction

Rake face

Flank face

Orthogonal grooves to parallel grooves to chip cross grooves
chip flow direction flow direction orientation
(a)

Orthogonal grooves to
Parallel grooves to cutting edge .
cutting edge

(b)

Figure2-6. Different orientations of the linear micgrooves (a) perpendicular, parallel,
crosspattern orientations with respect to the chip motion dire¢86h and(b) parallel
and perpendicular orientations with respect to the main cutting[8dp@esued with
permission)
2.5 Effect of using textured cutting tools on the cutting forces
For the textured cutting tools, the contact length (i.e., frictional length) at theochip
interface is decreased according to the type and the dimensions of the textuneslebl a
scenario, the frictional length when using the textured tools tingatonventional frictional
length (i.e., the frictional length when utilizing rtextured tools) minus the total width of
all textures[13]. This resultsin reducingthe frictional force whichs a function of the
frictional length. Sharm et aJ34] utilized carbide tools with elliptical grooves, parallel
grooves to the cutting edge, and linear grooves, which are ajedeby laser micro

machining technique, to study the reduction in cutting forséer that, these grooves were

filled with MoS; solid lubricant. Dry Turning experiments were carried out using these tools
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for cutting 45# steel with feed rate of 0.1 mma/end depth of cut of 0.5 mm. The results
revealed that the reduction in the cutting forvasbetween 1£25% when using the textured
tools compared to the ndaxtured tool. In addition, Koshy et al. utilized the mi&ibM
techniques to generate areatldimear textures on the rake face ofl% grade higtspeed

steel inserts to investigate the effectiveness of the textured tools in reducing the[#@jtion

In the same studyutting and feed forces were measured wiechiningthe annealed 1045
steeland 6061 aluminum workpieces. The experiments were conducted with 3 mm width of
cut and within range of cutting speed and depth of cut@ M1/min and 0.028.1 mm,
respectively. It was found that the reduction of the feed and cutting forces were 80% an
13%, respectively. Besides, the reduction of the forces was proportional to the percentage of
the textured area. Fatima et pl] used the femtosecond laser technique to apply slot
structure grooves over the rake and flank facethefuncoated cemented carbide tool
Orthogonal cutting tests were carried out at fe¢el ©#80.1 mm/rewhenmachining a tube

of AISI/SAE 4140 plain carbon steel withwall thickness of 2.5 mm. These experiments
were conducted at three cutting speeds which were 100, 198n/88i#. The observed
average reduction of the cutting and feeddsnawere 10% and 23%, respectively. In addition,
the results revealed that the reduction of the forces decreased with increasing the cutting
speed. Thomas et §B2] reported that the reduction of the main cutting forces whegus
textured tool for turning the mild ste@N3B) and aluminun{AA 6351)varied from 2% to

22% according to the shape of the textures and the operated cuttinglspbedldbe stated

that the open shapextures(i.e., linear and notinear grooves) have an advantage over the
closed shape textures (i.e., dimple textuast)ey can facilitate the penetration of the cutting

fluids to the chiptool interface from the enaf the texture$42]. For the open shape textures,
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the cutting tool with micregrooves parallel to the cutting edge shows better performance
compared to the cutting towlith micro-grooves orthogonal to the cutting edd&]. This is
because of the penetration of the chip material inside the qgioaves cavities as shown in
Figures 2-7(a) and 27(b). This increases the friction and limits the benefits of using the

textures as micrpools for the cutting fluids.

2.6 Effect of using textured cutting tools on the cutting temperature

In the context of meeting the environmental regulations, the machining with the textured tool
strategy is considered one of the most promising candidates to replace the machining with
cutting fluids to reduce the cutting temperature. As mentioned e#rbee, is a reduction in

the frictional length associated with using the textured cutting tool. The reduction of the
frictional length (i.e., chigool contact length) will lead to an observed reduction in the
average rise temperature for the etopl interface[30]. The authors if34] measured the
temperature ding the cutting experimentsf 45# steelusing an infrared thermography
camera. It was observed that all the textured tools showed lower cutting temperatures
compared to the netextured cutting tool. Besides, the cutting temperature was measured in
[41] using IR image thermal camera which was locatedrOadvay from theake face. The
maxi mum reduction in temperature was about
It was noted that the reduction of cutting temperature was decreased with incriese
cutting speed. Furthermore, the reduction of cutting temeratas about 4% between the
textured and notextured cutting tools when cutting mild steel (EN3B)32]. While the
observed maximum reduction walsoait 13% when cutting aluminum (AA 6351). These
cutting temperatures were measuredahynfrared digital pyrometer. Similarly, the micro

grooved tool showed lower cutting temperaturef 1 0 5 C ¢ o mgoavendothal t o t
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tools when turning F6AI-4V alloy in[31]. Thetemperature of the rake face and the tool tip

was measured using thermocouples. The reduction in the cutting temperature when using the
textured cutting tools is not only limited to the reduction in the-tbip frictional length,

but it is also due to thincrease of the surface area associated with the generation of the
textures (i.e.anincrease in the heat dissipation area). Besides, the textures offer aerodynamic

l ubrication where the texturesd caveei es a:

Figure 27(a))which reduce the cutting temperat(@a, 32}

Chip bottom surface
4
Air space betweerrghip bottom
surface and the micro-grooves h" 25 pm

Grooves cutting tool Skv XS© S0emnm PC-SEM

() (b)

Figure2-7. (a) Air spaces between the chip and the textured tool rake surface, and
penetration of the chip material inside the grooves cayRiHs (b) marks of the chip
material penetratio[81] (resued with permission)

2.7 Effect of usingtextured tools on the tool wear and surface quality

To investigate the effect of textures on tool wear, Liu 48l utilized atextured cemented
carbide tool to turn green alumina ceramiasear grooves were applied on the flank face

of the tool using a fiber laser technique. The obtained results showed that there was an
obvious effect of the textured tool to redulee flank tool wear compared to the Aextured

tool. The applied parallel micrgrooves helped to remove the hard particles at thectopl
interface which was beneficial to reduce the abrasive effect. Besides, the authorgdxplain

the storage action dhese grooves for the powder chip of the green alumina ceramics.
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Besides, Niketh et aJ44] studied the effect of the textured drill bits to reduce the sliding
friction in the drilling application of F6Al-4V. The round dimple texture achievatbwer

and stable coefficient of friction according to the conducted pin and disc tests compared to
the grooved and the plain surfaces. Accordingly, round dimple texturesgeaerated in
different areas of the drill bits (i.e., flutes and margin areas) tiselgser technique. With
respect to drilling with the conventional drill bit, the maximum reduction in the thrust force
was 10.68% when usirgmargin textured drill acutting speed of 4/min. In terms of the
surface quality of the machined holes, the holes machined with margin textured drill bits
showed lower burr formation. [82], improvements of 15.86% and 23.21% were observed

in the surface roughness when machining mild steel and aluminum, respectively.
Furthermore, an effect of the textures over the rake face was noticed on the chip formation.
Wire and coilforms were noticed when machining aluminwith textured tools, while the

textures acted as chip breaker in case of machining mild steel and reduce the contact length.

2.8 Derivative cutting phenomena

Despite the previously mentioned advantages of the textured cutting tool, it was found that
there is an additional cutting of the bottom side of the chip when using the textured cutting
tools[10]. This micrecutting by the micregrooves edges is definedas D e r | outirigi v e
phenomenao. -cutling ipeenomeinac byothe miegr o o0 \edyéss presest
additional forces and cutting temperature. Therefore, derivative cutting phenomsna cut
down the benefits of using textured cutting tools. Duan €tL8]. attempted to study the
derivative cutting when dry turning medium carbon steel (AISI 1045) utilizing carbide tool
with one micregroove over the rake facelhis micregroove was generated using

neodymiumdoped yttrium aluminum garnet (Nd:YAG) laser. These turning tests were
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conducted ahcutting speed of 100 m/min, depth of cut of 0.5 mm, feed rate of 0.102 mm/rev,
and cutting time of 4 min. The obtainedsuéis showed higher forces and coefficient of
friction associated when using miegoooved tool compared to the conventional tool,
especially at the beginning of the cutting process. In addition, it was found that the derivative
cutting induces adheringofhe chi p6s materi al to the text
chip flow. Besides, the derivative cutting phenomena leads to fill the cavity of the- micro
grooves with the chip material. Thus, the cavity of the mgmmoves may be blocked at a
certaintime during the machining process as noticeld® 36] This meanshatthere will

be a high affinity between thmain chip and theblocked chip material isidethe micre
groovescavities. Therefore, some particles of the chips (existing in the textures cavities) will
stick on the bottom side of the nigwgenerated chip and result in a high wear rate over the
rake face. In another atteni®2] to study the derivative cutting phenomena, cutting forces,
tool wear, and chip formatiowere analyzed when dry turning AISI H13 steel. In these
experiments, turning inserts with four linear migmmoves on the rake face parallel to the
cutting edge were generated using femtosecond laser technique. The experiments were
conducted aha constam feed of 0.198 mm/rev, depth of cut of 0.5 mm, and at four cutting
speeds of 95, 152, 189, 237 m/min. The results revealed the negative effect of the derivative
cutting phenomena on the cutting forces. Higher forces of the textured tools were obtained
compared to the conventional tools at all cutting speeds. For the toobekavior many
plowing grooves near to the cutting edgere found Besides, crater wear and seizure zone
were found due to the adhesion of the workpiece material to the rake faceovdr,
dragging damages were observed of the chip bottom side produced by textured tools. The

derivative cutting phenomenon was investigated4is] when cutting Ti6Al-4V using
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different machining strategies. These strategies were plain dry environment alotigewith
nonttextured tool, plain dry environment with laser textured cutting tdebgured tool with
MQL-vegetable oil, and textured tool with MEdluminaDl water nanefluid. The
microscopic images of the used textured tool showed that filled anefilechiextures were
observed due to the derivative cutting phenomena. This resultiddgher contact aseand
generated heat, especiaihlythe dry environment. Furthermore, derivative cutting has been
in-situ direct observed if46] using particle image velocimetry. One migmove was
generated used ultshort pulse laser system at 100 um away frioecutting edges. Shaping
experiments were conducted of-ALOOwith the flood coolingat constant cutting speed of

2 mm/s and four values of undercut chip thickness (i.e.,15, 30, 50, 75 um). The results
showed high reduction in the frictional force at 8@ and 50 um undercut chip thickness.
Slight reductions were obtained at 15 um and 75 um where the-gricowve was completely
within the sliding and sticking contact regions, respectively. These results revealed that the
frictional forcesdependon the réative distance of the micrgroove from the cutting edge

and itsrelationshipwith the undercut chip thickness.

Few studies have been focused on the prediction of the derivative cutting phenomena and
the additional forces and heat associated with this phenonjéno#8] A previous model

was developed47] to predict the derivativehip formation. This depends on calculating the
thickness of the derivative chip accordinghe orthogonal cutting and texture dimensional
parameters. This model was validated by conducting orthogonal cutting expeomAits$

1045 steel with textured cutting tool including one microgroove. The obtained results showed
that the thickness of thelerivativechip increases when the distance between the

microgroove and the cuttirgdge decreases. Also, a thermechanical model was
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developed irj48] to predict the derivative and plowing forces, and cutting teatpez. The
devel oped model was based on t hdnemodelaci pl e
Some experiments were conducted to validate this model in terms of cutting forces and
temperature.Besides, the difference between the obtained forces wifing the non
textured and textured tools was decreadedg withincreasing the cutting speed.

The majority of the previous studies focused on the benefits of using textured tools on cutting
forces, temperature, chip formation, and tool wear. Besides, they showed the additional gains
of integrating the textured tool with different cooling strategies. On the other side, few
research works have recently investigated the phenomena of derivating.cThey have
focused on how this phenomenonsdown the textured tool benefitBew papers have
investigated the effects of thexture parameterdimensions of micra@rooves(shown in

Figure X2(a)) on the performance of the textured cutting tools; however, the physics of the
process and influence of different design parameters were not |ditioo49] There is an
obvious need to understand the effect of underlying phenomena ofeuttiray and provide
recommendations for better performarfegrthermore, the effects of the different machining
parameters (i.e., cuttingelocity and feedwhen using different textured tool desidgins.,
textured cutting tools with different textures dimensiaregd to be investigated.his need

is not limited to the forces only, their effects on the tool wear, surface roughness, and power
consumption a required to be investigatekh addition,until now, there is no available
model in the open literature to offer optimal designs of the texture dimension parameters
eliminate or reduce the severity of the derivative cutting phenomena. Furthermore, there is
no clear understandingf optimizing the influenced texture dimension parameters

minimize the contact area
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3.1 Preamble

This chapter presents a literatusxiew of the evaluation assessment methtmlevaluate

the environmental and sustainability level of the machining proce$s&sows different
existing sustainability assessmearadelsn the literature. In addition, it presents the attempts

of using the LCA for assessing the environmental and human health impacts of the machining
processesBesidesthe utilized methods and the approaches useslertthe sustainable
cutting conditios are provided in this chapteFinally, this chapter includeshe
characteristics of the required holistic performance analysis apptoatie sustainable

machining processes
3.2 Sustainability requirementsfor the manufacturing processes

Nowadays, ther is a need to achievle sustainability requirements in all economic
activities, especially in the industrial sector. These requirements are related to the triple
bottom line (TBL) of sustainability which is based on the environmental, social, and
econonic aspects. The main requirements of sustainability can be stated in utilizing
renewable resources, reducing the environmental impacts, improving occupational health
and personal safety, and enhancing the quality ofd]jfeThe manufacturing sector is one of

the most targeted sectdrsapplyingthe sustainability pringles due to the huge usage of
natural resources and harmful environmental impacts. Besides, it is considered one of the
most effective contributor sectors in developing the international economy, job creation, and

improving people's life. For instance, #006, it contributed about 12.3% of the U.S.
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industrys gross domestic product and 36% of the total industrial carbon dioxide emissions
[50]. There are three levels employthe sustainability concepts in the manufacturing sector:

the product, process, and system lej{&13. In the open literature, many articles covered the
product level (a a#ain type of product in the manufacturing sector). For example, the
sustainable production and consumption aspects in the automotive sector have been
discussed if52]. For the manufacturing system level, a new hierarchical methodology has
been developefb3] to quantify the sustainable consumption resources in the supply chain
system related to U.S. manufacturing industries.fdbesof thisthesisis the process level,

especially applying the sustainabilfiyinciples in the machining processes.
3.3 Sustainability assessment of the manufacturing processes

Many attempts have been made in the literature to provide accurate sustainability
performance metrickr the manufacturing processiggl]. To achieve a high sustainability

level, the researchers worked on developing practical sustainability metrics in the last decade.
Lu et al.[51] have developed different sustainability metrics for both sustainable products
and processes in the manufacturing sedtbe process sustainability metrics were classified
into six main metrics related to the essential sustainable requierBentronmental impact,
energy consumption, cost, operator safety, personal health, and waste management were the
selected sustainability metrics. In another work, Mani et[58] have developed a
methodology for assessing the sustainability of manufacturing processes due to the
inaccuracy results when using the product sustainabilityssissnt methodsThis study
focused on the indicators which measure only the environmental impacts of the
manufacturing processes. Besides,the same studythe authors concentrated on the
sustainability characterization methodology which is considerdatidge between the
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measurement sciencend the sustainability assessment and improvement. A new general
framework for assessing the manufacturing processes has been devel@p&ld imis
framework includes the steps of selecting the key indicators, quantifying the indicators,
sensitivity analysis, and ranking the considered manufacturing process alternatives.
Recently, attention has been paid to integrate the sustainability metriothéthtraditional
manufacturing metrics. In another styéy], Saxena et al. have included the metrics of the
time, flexibility, and quality with the sustainability metrics for assessingrthrufacturing
processes. Besides, they have developed an architecture for integrating all these metrics (i.e.,
sustainability and traditional manufacturing metrics) into the computer aided technology

system to select the most appropriate manufacturingepsqaan.

3.4 Tailored sustainability assessment of the machining processes

Regarding the machining processes, the sustainability evaluation methods for the product
and process have been presentefb8j. Besides, this work showed different modeling
techniques for different types of sustaileatmachining processes, suabdry, near to dry,
andcryogenic machining to select the optimum cutting conditions. In another af@2hpt

the author discussed the sustainable machining elements which are the machining costs,
impacts of the waste management, energy consumption, andgldrealth and safety. The
author has proposed four levels of hierarchical structure indicators based on these sustainable
machining elements to evaluate the sustainability effectiveness at the process level. This
process sustainability indicator (Proc8ldetermined byhetop to bottom approach within

four levels namely individual metrics level, salusters, clusters, and ProcSl. In this
approach, 65 indicators were considered as individual metrics to cover the six clusters.

Product Sustainability Irek (PSI) is an indicatowvhich wasdeveloped irf21] to evaluate
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the sustainability of the machined product. This indicator consists of two categories related
to the machining environment and the quality of the machined product. Hegalf24]al.
developed a sustainable machining guideline based on the previously mentioned sustainable
machining elements for different ta@ning processes. Furthermore, this article provided

five sustainability metrics and their indicators. Besides, the indicators were designed to
consider the inputs of the machining process such as the workpiece material, cutting tool,
and lubricants/coof#s.To calculate these indicators, the authors proposed empirical models
and assign a set of scores for each indicator. Bhat[&9%have developed a sustainability
approach for the cryogenic machining proceHBsis approach includes: (a) the indicator
selection steps, (b) data collection, (c) weighting the indicator according to the entropy
weighting appoach, and (dthe decisionmaking process through Technique for Order
Preference based on Similarity to Ideal Solution (TOPSIS). Mortazavi ¢04lhave
provided a sustainability assessment for the mateoctiochemical machining processes
based on the previously mentioned sustainable machining elements. Besides, the authors
discussed two case studies for shaping crystal wafer and sharpening the medical needles

using micreelectrochemical machining processes.

3.5Life cycle assessment of the machining processes

On the other hand, the life cycle assessment (LCA) is considered an applicable tool to assess
the resourcegfficiency and the environmental impacts of the products within its whole life
cycle stages. Many attempts in the literature used the LCA to design and select-the eco
friendly setups of the manufacturing processes. Furthermore bde€CAamea more common

method to evaluate the manufacturing processes in the literature. Pusavec dtl@]. in

presented a perspective role of production in sustainabégagement by employing the LCA
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on different machining technologies. An LCA comparison was appligtiree different
machining processes which utilized flood cooling/lubrication fluid, cryogenic, and high
pressurized jet assisted machining. Energy useabiaérming potential (GWP), water use,
acidification, solid waste, and land use were determined over different alternatives in the
machining process. LCA was implemented6d] on two different types of lubrication
techniques during drilling and milling processes. Flood lubrication (FL) and minimum
quantity lubrication (MQL) were examined when machining three different matalsoast

iron, steel, and aluminum). In a previous wfiR], LCA carried out on different strategies
during the milling process in terms of different machine sizes, different tools, and different
cutting speeds. Additionally, average environmental impact indicators were presehted in
spider chart to compare the different milling strategies. In another atf@@jpt. CA was

utilized to validate the suitable conditions when turning pure titanium alloy with using MQL
and RanqueHilsch Vortex Tube assisted Minimum Quantity Cutting Fluids (RHVT
MQCF). The obtained results from Impact 2002+ and ReCiPe Midpoint v 1.12 have
confirmed that the carbon footprint is directly proportional to the consumed energy.

In the open literaturghere are tw main evaluation approaches to assess the sustainability
level and the environmental impacts of the entire process or product: LCA and sustainability
assessment. LCA is considered a global environmental assessment method, while the
sustainability assessmiecovers more specific metrics including the social, environmental,
and economic aspects. Some attempts in the open literature have tried to develop a
framework to address all these aspects in a single assessment. This approach is called the life
cycle sstainability assessment (LCSA). There are different approaches to conduct LCSA as

discussed iff23]. The most common approach defines LCSA as the summation of three
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components which are LCA, life cycle costing (LCC), and social life cycle assessment
(SLCA). LCC covers all the operating costs during the life cycle stages afdtheqgp, while

SLCA summarizes various social impact indicators for the functional unit in the product
system. In a previous woik2], the author discussed LCSA of the products and followed

the common appach (LCSA = LCA + LCC + SLCA)Finkbeiner et al[63] defined and
presented the status of the life cycle sustainability assessment and discussed how to measure
it. Additionally, they presented two ways to show the results of the LizBrely the life

cycle sustainability triangle and the life cycle sustainability dashboard. A retielyabout

the examination approaches of sustainable manufacturing haspbesamtedin [64].

Besides, it presented the move to the holistic life cycle sustainability assessment from the
segmented analysis methods. Furthermore, this article discussed the integrated targets which
support the development of the sustainable product in respect to the gap between the practical

analysis and the research.
3.6 The required holistic performance analysis of the machining processes

LCA impactson the machining processes have been discussprevious research works

[16, 17, 19] Besides, the existing sustainable machining elements have been presented and
discussed in different studi§0, 22, 60] Furthermore, the machining processes have been
evaluated in the open literature in terms of surface intg@dfly Accordingly, the machining
processes have been separately assessed using either LCA, assessments based on the existing
sustainable machining elements, or product quality asjpedtse open literature. For the

LCSA's previous studies, they only discussed the framework of the LCSA app28ach
Furthermorethey did not provide any specific assessment methodology for the machining

processes. In terms of the optimal process parameters selection, most of the researchers
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considered only one integrated sustainability index in the selection criteria. This inglex wa
either the product sustainability index or the total L&®rethat integrates all individual
aspects in a single indg20-22]. The drawback of considering only one indicator is electing

only the best set of process parameters, which abates the range of the selection process. In
other words, it converthe selection problem type froamulti-objective (multiple indices)

to a singleobjective problem. Besides, considering only the sustainability principles may
lead to a sustainable machining process with bad product quality. Consequently, it is not a
proper solution to consider only the sustainability requirements with the absence of the
machined product quality aspects when selecting the optimal prquassneters
accordingly there is a need to establish a holistic sustainability approach to addtess all

previously mentioned drawbacks. The required approach will be presented in Ghapter
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Textured Cutting Tools

4.1 Preamble

This chapterinvestigates the effect of texture design parameters on the occurrence of
derivative cutting and offers an optimized design for mtesdured cutting tools to eliminate

or reduce the severity of derivative cuttifidwus, this chaptancludes thehreestages In

the first stage, a finite element (FE) model was developed considering textured and non
textured cutting tools during machining of AISI 1045 steel. The developed model was
validated by comparing the FE predicted cutting aaadifforces vs. the experimental forces
obtained inprevious study in the literaturesing similar cutting conditions, tapland
workpiece materialln the second stage, FE simulations were performed to investigate the
effect of the micretexture design pameters on derivative cutting. The main objective of
the second stage was to determine the significant texture design parameters that affect
derivative cutting and to select their optimum level to reduce or eliminate this phenomenon.
In the last stage,utting tools using the optimal and noptimal design parameters were
produced and experimentally compared. Thehapter offers valuable design
recommendations to improve the performance and facilitate the adoption oftexittreed

tools as a sustainablaaefficient alternative in the machining industry.

4.2 Model geometry and meshing

A Lagrangian finite element (FE) model of the cutting process using4taxtored and non
textured cutting tools was developed. ABAQUS explicit dynamic analysis was utilized to
simulate the dynamic characteristics of the 4woflkpiece interactionAlso, element

deletion was activated for visualization of chip formatiBar reducing the computational
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time, small parts of the cutting tool and workpiece are included in these models. Furthermore,
very fine mesh is wutil i zkedtaceiwhich s mrcdntachwith of t h
the chip to exactly express the detailed geometry of the microgrooves over the rake face.
Similarly, the upper portion of the workpiece (i.e. undeformed chip thickness) has very fine

mesh for accurately simulate the chipnf@tion and derivative cutting phenomered

achieveing the best results in terms of FE convergence andllgsisvorkpiece and cutting

tool were meshed using coupled displacertemtperature linear quadrilateral (CPE4RT)

and coupled displacemetgmperatre linear triangle (CPE3T) elements, respectively. The

rake and clearance angle of simulated tool
the workpiece was 6,000, while the total number of the elements for the tools varied from

400 to 900 elementsased on the different mictexture designs.

4.3 Material modeland chip fracture criterion

The material deformation has been defined by the Johnson Cook constitutive material model

[65] in equation 4-1) to indicate the strain, strain rate, thermal effects associated in the
material during metal cutting. Wherés the equivalent flow stressis the equivalent plastic

strain,- is the equivalent plastic strain rates,is the reference plastic strain ratéss the

current temperaturéY is the melting temperature, aihd is the ambient temperature. In

addition, the parametels B,n,C,mar e constant for theAisvor kpi e
the yield strengthB is the strain hardening moduluS,strain rate sensitivity, n the strain

hardening exponent, and m the thermal softening exponent. The thbgsioal properties

of the AISI 1045 and carbide are shown in Table , and the Johnson Coc

AISI are presented in Tabde2.
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.8 8 p BaE p o (4-1)
- Y Y
Table4-1. Thermop hy si c al properties of {6B]e
Parameter AlSI 1045 Carbide
Specific heat (J k§ CY) 423 226
Thermal conductivity (W m @) 47 44.6
Density (kg/nd) 7800 12800
Coef. thermal ex 11 4.7
Poi ssonbs r & 0.3 0.22
Youngds modul y 11 640
Table4-2. Constants of Johnsa@Dook model for AISI 104566]
A (MPa) | B (MPa) n C m - Tm(  (Tof(
553.1 600.8 0.234 0.0134 1 0.001 1460 20

Al S|

JohnsorCook damage law is employed as the physical criteria of the chip separation. The

element is deleted from the mesh when the value of the damage parameteeds 1. This

parameter depends on th¥-

and -

as presented in equatiod-Z). WhereY-

is

incremental equivalent plastic strain, and is failure strain which expressed in equation

(4-3). Wherer) is the hydrostatic pressure anidis the Von Mises stress. The values of the
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JohnsorCook failure parameters of AISD45 are presented in Talled. In thisnumerical
mode]| Coul ombés friction model was | mpl ement

and found to be 0.5 to obtain the best agreement with the experimental forces.

Table4-3. JohnsorCook failure parameters for AISI 10467]

ch d ds ds ds
0.06 3.31 -1.96 0.0018 0.58
a
1 — (4-2)
Q 'QAQE))ﬁ Qi 1- Q Y 4-3
- r'] p _ p "Y Y ( - )

4.4 Numerical modeling validation: stage 1

The FE model validation was performed based on the orthogonal tests condyd&d in
using O rake angl egraouepdrallehtgthet cottodg eddgggurk4-o n e mi
1 shows FE test with the same conditions usepl@). The distance between timeicro-

groove and the cutting edge was 150 pum, depth was 30 um, width was 50 um, and edge
radius was 5 pm. The machining parameters were cutting speeds of 100 m/min and 180
m/min, feed of 0.1 mm/rev, and depth of cut of 2 mm. A good agreement between the
experimental and numerical results in terms of cutting and feed forces was obtained for both
cases (accuracies of 92% and 97.5% based on cutting forces, and 92% and 94% based on

feed forces for cutting speeds of 100 m/min and 180 m/min, respectively) gsee4-2.
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Figure4-1. workpiece and cutting tool used to validate the FE model
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Figure4-2. Validation of the developed FE model (1st stddé]

4.5 Numerical modeling of different micro -texture tool designs: stage 2

To investigate the significance of miegooove design parameters (shape, position, width,

and edge radius) on the mechanics of cutting and to determine the optimum number of
scenari os, Taguchi s approach was empl oyed
constructed. Each design parameter aised of four levels, which were selected according
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to the implemented cutting conditions and the common values proposed in literature, see

Table 4-4. Figure 4-3 shows the snapshots of sixteen different mgmmoves based on

L160A. All FE simulations were conducted at a cutting speed of 120 m/min, feed of 0.1

mm/rev, and depth of cut of 2 mm. The total width of the mgnmaoves was 240 um and

the last micregroove was located 510 um away from the cutting edge for all cases.

Accordingly, the number of the grooves and spacing between them were different with

respect to the micrkgroove width for each case. Moreover, for all cases, the depth of-micro

grooves was el to their width except for the round grooves for which the depth was equal

to half of the width.

Squared grooves

Caseb Case 6 Case?7 Case 8
| Round grooves |

Case9 || Casel0 || Casell
V-shaped grooves

Case 12 Case 13
{ R

Case 14 % Case 15 |

ight triangle grooves

Case 16 \

Figure4-3. Snapshots of all cutting tools with different migyooove type$l11]
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Table4-4. L160A of the design parameters of the migrooved tools

Position width Edge radius
Case shape (um)
(um) H (um)
1 50 30 0
2 100 40 3
Squared (s)
3 150 50 6
4 200 60 9
5 50 40 6
6 100 30 9
Round (R)
7 150 60 0
8 200 50 3
9 50 50 9
10 100 60 6
V-shaped (V)
11 150 30 3
12 200 40 0
13 50 60 3
14 _ _ 100 50 0
Right triangle
(RT)
15 150 40 9
16 200 30 6
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Effect of design parameters on filling, derivative cutting, and ploughing are showrune Fig

4-4. Derivative cutting is evident in cases 1, 5, 9, and 13 where the chip filled theafavity

the first groove. The position parameter for these cases was 50 pum from the cutting edge. In
cases 2, 7, 10, and 14, both derivative cutting and patrtial filling can be observed. It can be
noted that filling of t he hgstastinoglogadio ofecneroi t y h
grooves is moved away from the cutting edge (position of 100 um). Cases 3, 7, 11, and 15
show | ess noticeable derivative cutting an
pl oughing action of etlgh s cleamhin thpesecasesrwhitchltan begr o o
attributed to the direction of chip flow. Cases 4, 8, 12, and 16 (i.e., all tools with position of

200 Om) show slight ploughing action of the

more pronounced in sas 12 and 16.

[ Casel Case 3 Case 4 f Case 5 = Case 6 Case 7 Case 8

Squared grooves

\

~

Case 11 Case 12 Case 13 Case 16

©
[e]
=1
o
=
E
N S
(8

V-shaped grooves Right triangle grooves |

Figure4-4. Different micragroove types in terms of filling, derivative cutting, and
ploughing actions (based on temperature mggdg)
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The FE generated cutting and feed forces are presenteduie &if(a). Case 13 shows the
highest cutting force, 7% higher than thatnmintextured cutting toglwhich is due to
derivative cutting. In contrast, case 16 shows the lowest cutting force (9% lower than case
13). Case 16 also yields the lowest feed force.2ZthB8% difference between the feed force

in case 1 and 16 signifies the importance of mtesdure design parameters. &iig4-5(b)
presents the temperature and the coefficient of friction (4). The temperature in case 1 is
10.4% higher thanontextured ctting tool In contrast, cases 4 and 16 (without derivative
cutting) respectively exhibit 5.1% and 4.3% lower temperature nloariextured cutting

tool, as squared and right triangle grooves have a slightly higher surface area than other two

shapes. In atition, case 16 offered the lowest 4 among all cases.

Figure 4-6 presents the normalized contact lengghiflversus the chip compression ratio
(t2/t1) obtained from FE simulations, wheedd the distance between the cutting edge and
the point wherghe chip leaves the contact regionis the undeformed chip thickness, and

t> is the chip thickness. Case 16 has the lowest normalized contact length and chip
compression ratio. Smaller chip compression ratio in an indication of higher shear angle and
in turn lower shear strain the chip has undergone, while smaller magnitude of normalized
contact length proves the smaller value of coefficient of friction. The chip free surface and
the surface adjacent to the tool rake face in case 16 is relatively smib@thease 13 (see
Figure4-6), which confirms the absence of derivative cuttinguFag-7. shows the average
cutting and feed forces at different levels of design parameters. The position is the most
influential design parameter (the variation percgattor cutting and feed forces were 6%

and 15.3%, respectively).
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4.6 Results discussion and developed mechanism

The farthest position from the cutting ed@80 um) has the lowesvarage cutting and feed

force. Width of micregroove has less effect on the cutting force than position, but it is more
effective than edge radius and shape. Almost similar trend can be observed for the effect of
design parameters on the feed force. Thieomaest width of 30 um shows the lowest average

cutting and feed force than the other levels of width. In addition, thetrighgjle shape and
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edge radius of 9 um demonstrates slightly lower forces compared to the other levels of shape
and edge radius.hErefore, the optimal design parameters of mgaoves are the shape of
right-triangle, position of 200 pum, width of 30 um, and finally edge radius of 9 pnuré&ig

4-8 illustrates the effect of different groove design parameters on the mechanfglimg) of
derivative cutting, ploughing, and sliding. The analysis has shown that the normal stress
distribution over the rake face plays a major role in determining the optimum position of the
first groove. At a certain position away from the cutting etlge stress is reduced below a
certain level at which derivative cutting is less likely to occur. The-topcontact length

and the normal stress distribution change when feed is altered; thus, optimum position of

micro-grooves must be reconfigured fother feed values to properly design the micro

grooves.
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Figure4-8. Mechanism of derivative cutting when using migimoved tool§11]

The observations and analyses in thaptersuggest that the chip fills the miegsooves
near the cutting edge due to the high normal stresses regardless of other design parameters.

Therefore, it is recommended to create the first raigomve away from the cutting edge
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where the effect of normalress is less pronounced. Ploughing and sliding of the chip over
the micregrooves start to occur at a certain position from the cutting edge. This position
needs to be determined to optimize the location of the first rgirove. The width of micro
grooves is another important design parameter. Large width encourages the chip penetration
in the groove; thus, more micgrooves of small width are preferred over less mgnaoves

of large width. Although the shape of miggooove does not have a noticeabnpact on
machining forces (see kige4-7), some shapes are more practical. For instance, direction of
the microchip flow inside the square groove is perpendicular to exit side, which increases
the feed force. Squared shape migrooves also have aghmer tendency to retain the chip
(large undercut derivative chip thickness), which is not favorable. Round adpéd
grooves are more flexible in smoothing chip entrance and exit; however,-dhapé
generates a slightly lower average cutting forcegared to the round one because of its
high groove angle which facilitates the exit of the michip. The right triangle groove
shows the best results due to its less tendency to retain the chip in theyromres (small
undercut derivative chip thickes). The micregrooves edge radius shows less impact on the
derivative cutting phenomena. kirg 4-8 showsthat the cutting or ploughing for the same
micro-undercut chip thickness depends on the radius of the cutting edge. The bigger groove

edge radius tats to have ploughing action rather than micutting action.

4.7 Experimental setup and validation stage 3

To validate the findings and confirm the recommendations, rgi@oves with the
significant parameters were created using the worst (case d 3ebest (case 16) design
parameters. Nd/YAG solidtate nanosecond laser with 8 A pump current and 20 kHz

frequency was utilized to create the desired mgmaoves. The scanning speed and the
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number of passes were tuned to obtain the required shdpemidrogrooves were created

on coated cemented carbide inserts (AG 56 R 1125) with O rake a
topography of the mickgrooves for the best and worst designs were captured using a digital
optical microscope (KEYENCE VHX000). Orthogoal cutting experiments were
conducted on AISI 1045 cylindrical steel bar with 57 mm diameter. Experimental setup,
cutting tool, and the 3D surface topography of the best and worst design are shownen Fig

4-9. Experiments were conducted at a cutpged of 120 m/min, feed of 0.1 mm/rev, and
depth of cut of 2 mm. The cutting forces were captured by a KistlerA25hamometer.

Each test was repeated three times. The average experimental cutting and feed forces for the
worst and best designs were ™4670 N, 422 N, and 318 N, respectively. The best design
reduced the cutting and feed forces by 12% and 24% respectively compared to the worst
design. The standard deviation of the experimental cutting and feed forces when using the
worst and best designwere 26.14 N, 21.9 N, 17.2 N, and 18.6 N, respectively. The standard
deviation for three repeated tests were 43.6 N, 32.8 N, 17.2 N, and 15.5 N for the cutting and
feed forces at the worst and best designs, respectively. The microscopical imagesaad surf
topographies show that the best design reduces the severity of the derivative cutting and
maintain the effectiveness of miegnooves. In contrast, severe derivative cutting is evident

for the worst design where the miechips completely fill the mi@-grooves and render

them useless, which is in accordance with the results of FE model. It also explains why
generating more micrgrooves of small width away from the cutting edge reduces the

derivative cutting.
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Figure4-9. Experimental setup, 3D surface topography, and 2D images of the best and
worst designs of micrgrooves before and after machiniig]
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Chapter 5. Experimentation and Analysis

5.1 Preamble

This chapter presents the experimental design and regulkss study. The aim of the
experimentatiorphaseis to investigate the effects of significant texture design paraseter
obtained in the numerical modelipipase Chapter4) when cutting AISI 1045 steelsing
different machining parameters addition, theexperimental setup and the preparation of
the different designs of the textured tool are presented in this chapemeasured

machining outputs arferces, power consumptiofiank tool wearand surface roughness.

5.2 Experimentation plan

In the preious chapter, it was found thete position and width of micréextures are the
most significant design variables impacting the derivative cutting phenomenon. In addition,
it was recommended to use a far position from the cutting edge along with tbeesrr
available width to achieve the optimal texture designstudy the effect of these significant
dimension parametefer different machiningparameters (i.e., cutting speed and feed), the
results ofother different machining experiments are presented in this chafstiethe
experiments were carried out an Standard Modern N/C 17 lathe (10 HP)hese
experiments were conducteding nortextured and three different textured tool designs at
different cuttng speedand feedraluesas presented in Tab#el. Each tool design was used
underfour different cutting conditiong total of 16 experimenjsThese cutting conditions
included cutting speeds of 75 m/min and 150 m/min, feed of 0.05 mm/rev and 0.dvmm/r
(i.e., low cutting speed and low feed, low cutting speed and high feed, high cutting speed and

low feed, and high cutting speed and high fedhould be stated that both feed and micro
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grooves position paramesesire dependerdn the chiptool contat length and the normal

stress distributionThe normal stress distribution at the toblp interactionchange with

the change of thieedvalue(i.e., undeformed chip thickness). Thus, the first mgnm@ove

of all used textured cutting toolslacated atthe same position from the cutting edge which

is 240 um. Accordingly, the dependent relationship between the feed andgnmuioxe

position can b@roperlyinvestigatedin other words, usingtextured cutting tool with same
micro-groove position at different cutting conditions can address the effect diffient
micro-groove positios. Furthermore, theutilized textured tool designs include different

values of the micrgroove width to invstigate their effects on the machiniagtputs As

shown in Figures-1(a), the threeutilized texturedesigns have different groove width

spacing between grooves, and number of grooves, while for all designs, the distance from

the cutting edge tothe firt gr oo v e spacin@oftBe tahgroovesse 90 e m, ar
thetotal width of all micregr ooves is 180 em. -Dreosesgitha 1 | nc
width of 90 em and spagirogvbetwée®O0t Rans e Wh
includes 3 miar-grooves withawi dt h of 60 em and spacing be
microgr ooves of 45 &m. Fi n adgrobves witdwisd tgm &f i 4% |
and spacing between every two adjacent micmo o o v e s Allfthes® ficregmoves

are parakl to the cutting edge. The considered cutting tools were used in orthogonal cutting

(i.e., tube turning) experiments as shown in Figbré¢éa) ands-1(b). The cutting edge and
micro-grooves are perpendicular to the chip motion over the rake face inthoganal

cutting. This is to simplify the phenomena of the micutting associated with textured

cutting tools. Theserthogonal cutting experiments were conducted on a tube of AISI 1045

with 30 mm diameter and wall thickness of 1 nBesides, the cuttgnlength of each test
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was 12.5 m. In these machining experiments, the feed and cutting forces, power

consumptionflank tool wear, and surface roughness were measured.

Table5-1. The experimentation plan of the machining tests at different cugilogities
and feeds with different tool designs

Test# | Cutting velocity (m/min)| Feed (mm/rev] Micro-groove width (um)

1 0 (Non-texturedtool)

2 90 (Texturedtool-design 1)
0.05

3 60 (Texturedtool-design 2)

4 45 (Texturedtool-design 3)

75

5 0 (Non-texturedtool)

6 90 (Texturedtool-design 1)
0.1

7 60 (Texturedtool-design 2)

8 45 (Texturedtool-design 3)

9 0 (Non-texturedtool)

10 90 (Texturedtool-design 1)
0.05

11 60 (Texturedtool-design 2)

12 45 (Texturedtool-design 3)

150

13 0 (Non-texturedtool)

14 90 (Texturedtool-design 1)
0.1

15 60 (Texturedtool-design 2)

16 45 (Texturedtool-design 3)

51



Chapter 5Experimentation and Analysis
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Figure5-1. (a) A schematic of the tube turning using different textured designs, and (b)
experimentation setup

The cutting and feed forcagere measured to investigate the existence and absence of the
derivative cutting phenomena through the conducted experiments. The power consumption
was measured to environmentally evaluate the utilization of these textured tool designs.
Besidesa 2D microscopical image of the rake face of the utilized cutting tooloaptured

after each test.
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5.2.1Workpiece material

The experimental work was carried out to investigate the effects of textured dimension
parameters and machining parameters on thehimag characteristics. In addition, a
comparison between the performance of-textured and different textured cutting tools in

a dry environmentis presentedThe workpiece material of carbon steel AISI 1045 was
selected. AISI 1045 material has good maability in the dry environment. is also used

in various wide industrial applications ranging from small to mass production scale. Spindles,
gears, shafts, connecting rods, bolts, and nuts are common applications of this material in
automotive and manre fields. The chemical composition of this material is presented in
Table5-2. The thermephysical properties and Johns@Gook constants of AISI 1045 are

presented in Tables1 and4-2.

Table5-2. Chemical composition of the AISI 1045 workpiece matd@8]

Element
C Fe Mn P S
Weight (%) 0.430.5 98.5198.98 0.6-0.9 O 0. ( O 0. (
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5.2.2The cutting insert andool holder

During the machining processes, the cutting tools must have the ability to withstand the
extreme conditions of the high temperature and friction at the rake tool anthtelnfpce

and flank face and machined surface interface. Accordingly,utieg tools should have
adequat@roperties of high hardness, high fracture toughness, wear resistance, high chemical
inertness, and high thermal shock resistance. Ceramics are commonly used as cutting tools
materials due to their properties of high hash) high chemical inertness, and high oxidation
resistance. Besides, they exhibit unique corrosion resistance and adhesion wear resistance
compared tahe carbide cutting toolg9]. Alumina AkLOsis the dominant component in
ceramics used for cutting tools due to its superior properties. On the other hand, ceramics
have some drawbacks of high brittleness and low thermal shock resistance. This will lead to
high tool wearcausingchipping andwill shorten the tool life as a result dfie high
probability of thermal fracture. Thus, TiC, TiMr SiC additions are commonly used to
reinforce thealuminabased ceramics tod[g0]. In the experimentation phase, tirecoated

mixed ceramic inseiffNGA160408T01020 650and the tool holdefDTGNR 2525M 16)
wereused. The chemical composition of this mixed ceramic tool is 708620f and 30%

of TiC [71]. Figure5-2(a) shows the triangular gteof the cutting insert which includes 6
cutting edges. In addition, Figube2(b) shows the used tool holder for mounting the cutting

insertswi t h a negati.we rake angle of 6

(@) (b)
Figure5-2. (a) The cutting insef72], and (b) the tool holdg7 3]
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5.3 Preparation of the cutting inserts

The laser ablation micrmachining process was utilized to generate the different textured
cutting tool designdDifferent types of lasersan be used for the micraachining processes.
These types are based on the lasering medium vidhmblidstate, gasor liquid. Besides,

the laser beam can be generatetheshape ofa continuous wave or pulsed wave. For the
pulsed wave lasers, thegutbe classified into long pulse laser (i.e., duration of the pulses in
the range of niliseconds),shortpulse laser (i.e., duration of the pulsesthe range of
microseconds or nanoseconds), afith-short pulse laser (i.e., duration of the pulsethén
range of picoseconds or femtosecond). The shorulir@short laser classes are preéel

to be used in the micnoano fabrication processdse totheir high beam quality, high peak
power, and avoiding the defe@ssociateavith thelong-pulse laser such as cracks, voids,

and dislocations.

There are three main operations during the laser ablation process as shown i-Bidure

first operation isto focus the laser beam on the sample (i.e., the rake face of the cutting
insert). Theabsorbed photo energy in the upper thin layer of the sample should be higher
than the threshold value to achieve material decomposition. In the second operation, the
material decomposition occurs after reaching the threshold energy due to théhehoid
degradation and photthemical degradation. The decomposed patrticles are then egjected
forming the ablation plume as shown in Figl&. In the final operation, thevaporated
particles of this ablation plume are disappeared and theveporated pauies will land

back to or close to the ablated arethmshape of debris.
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ablation plume

Three main operations
of the laser ablation

|

Figure5-3. The principle operations of the laser ablafiof]

The micro-grooves of the textured cutting tools used in the experimentation phase were
generated using Ytterbiwaoped pulsed fiber laser (YDFLP) systéim., solid-state laser)

The pulses duration of this system is in the range of nanoseconds. Bigushows a
scheméic diagram ofYtterbiumdoped pulsed fiber laseA laseris generated when the
diodes are pumped. The generated light is propagated inside thevtieebium element
offers the active laser medium role in the fiber optical cable. This fiber opticé cah
dielectric cylinder made of silica glass and its core is dopedtt®rbium element. The

emitted photons are trapped and guided inside the fiber core to provide the laser output.

Laser
Diodes

Ytterbium doped multimode fiber

Output laser focused on the
) cutting insert

HR fiber Bragg

. OC fiber Bragg grating
grating

Figure5-4. A schematic diagram of Ytterbium doped fiber |d3&i

The laser parameters for the three different textured cutting tool designs were obtained
through several rounds of laser tests. As shown in Figieinitial laser parameterae

used to generate each textured design. Then, the obtainedgraores okach design were
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measured using digital optical microscope (KEYENCE VHX000).The tuning of the laser
parameters was continuing until the mignmovesreached thacceptale range (10 um).
Table5-3 presents the final laser parameters used for tlee tiextured designs. Besides,
Figure5-6 shows 2D microscopical images of the migrooves of the three desigrithe

depthofthemicrgr ooves in these 3 designs is betwe

Laser  Center lines of

\ Pulses micro-grooves
Laserbeam—}. |

l
Cutting -
. edge
Initial laser
Scanning . .
parameters v Measuring the micro-
_’

direction L A i .
e grooves dimensions

Rake face of the cutting tool

Are the groove
Generationthe micro-grooves dimensions close
according to the desired designs to the desired

L Tune the laser parameters

Figure5-5. The cycle for obtaining and tuning the laser paranfetagenerating the
desired designs

Use the obtained
textured toolsin the
machining experiments

Yes

Table5-1. The useddser parameters for generating the three desired designs

Design 1 Design 2 Design 3
Laser power (watt) 10 10 10
Laser repetition frequency (kHz) 100 100 100
Pulseduration (ns) 50 50 50
Scanning speed (mm/s) 500 750 1000
Number of passes for each grooy 2 1 1
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Figure5-6. 2D microscopical images for the three mitegtured designs

5.4 Machining characteristics measurements
5.4.1Force measurements

The cutting and feed forces were captured udfingjler 9251 A dynamometerThis
dynamometer captured the signals which were needed to be amplifiedhusiadistler
(KCA5010B) charge amplifieras shown in FigurB-7. These amplifiers were connected
National Instrument data acquisition (NI USR221 BNC).LabView software was used to

read the recorded charges.

Figure5-7. Equipment used for forces measurements

5.4.2Power consumption measurements

A powersight manager was utilized to measure the power consumption of each machining
test.To measure the power consumption, three current probes and three voltage leads were

connected to the three electricity phases of the lathe machine as shown ia 5-B(@yeind
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5-8(b). While the other ends of these current probes and voltage leads were connected to the
power logger (PS2500). Power sight manager software displayed the power consumption
measurements. This power sight manager can measure the three phages anttaurrents,
apparent power, reactive power, true power, and power factor. The measurements of the true

power were considered as the power consumption values.

Three voltage leads ends and three current
Three current probes  Three voltage leads probes ends connected to the power logger

PawmerSight

(@) (b)

Figure5-8. Threecurrent probes and voltage leads are connected to; (a) the lathe machine,
and (b) the power logger

5.4.3Surface roughness measurements

The surface roughness of the machined surface was measured for each test. The surface
roughness testdfitutoyo SJ.2Q was used for obtaining the surface roughness values as shown

in Figure5-9. The arithmetic average surface roughness Ra was considered for evaluating the
surface roughness in the current study. The settingf€lgngth of 0.25 mm is used for the

surfa@ roughness measurements. In addition, five measurements were obtained at different
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locations after each test. The average of these five measurements was utdigertonethe

value of surface roughness of each test.

Figure5-9. Mitutoyo SJ.20Xkurface roughness tester

5.4.4Tool wear measurements

Digital optical microscope KEYENCE VHX 000was used to capture and measure the flank
tool wearas shown in Figur&-10. This microscope has a magnification optmfrup to
5000X. Besides, this optical microscope was utilized to generate the 3D topographies of the

micro-grooves surfaces in this study.

Figure5-10. Digital optical microscope KEYENCE VHA000

5.5. Results and discussion

Figure 5-11 shows the 2D micixopical images of the 16 machining tests using different

cutting tools as presented in Tabld. Different contact lengths can béservedrom the
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microscopical images for thests when using netextured cutting tools (tests 1, 5, 9, and
13). Thesecontact lengths are about® m, 51®eenm, a’ad 416 e5m f or
test9, and tesiL3, respectively. These different contact lengihes associated witthifferent
normal and shear stresses at eachwéktits cutting conditios. In other words, usinga
textured cutting tool with the same miegooove position at different cutting conditions can
address the effect of the miegnoove positionThe undeformed chip thickness (i.e., feed in
case of orthogonal cutting) plays the dominant mokgeterminingthe contact length, where
increasing the feed value a&companied bincreasing the contact length as shown in the
first four images in Figur&-11. This is well in line with the previously developed models
for the contact length presented#6]. However,it can be seen that increasing the cagttin
velocity affectsreducing the contact length of the chip over the rake face of the cutting tool.
This is consistent with the finding of increasing the cuttietpcity leads toreducingthe

coefficient of friction and thereducingthe contact length wbhis presented ifi77].

It can be seen from the microscopical image foradathen using the first texture desjgn
that there is some workpiece adhesion in the spacing between the twegromves, and
there is no presence oéudvative cutting. Whilethe first texture desigahowsa complete
filling in the cavity of the first micrgroove with chip materias shown inhemicroscopic
image oftest 6(i.e., longest contact length at low cuttinglocity and high feed). Besides
in test 6,therearemarks of the derivative cutting at the edgeha second micregroove,
and there is a workpiece adhesion on the spacing betWweéno microgrooves. For test
10 (i.e., designl at highcutting velocity andlow feed, thereareno marks for derivative
cutting. Howeverin test 14 (i.e.designl at highcuttingvelocity andhigh feed, the marks

of the derivative cutting and the adhesion of workpiece matamabe observed
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Regarding the second textured cutting tool desigretreno marks for derivative cutting
in tests3 and11 when usinghelow feedwith low and high cutting velocity, respectively
Seveederivative cutting and partial fillinop the cavityof the first micregroove is presented
in test7 (i.e.,design2 at low cuttingvelocity andhigh feed as shown in Figre5-11. There
aremarks ofminorderivative cuttinghatcan be seen in te$5b (i.e.,design2 at highcutting

velocity andhigh feed).

Similar to design 2, ther@eno marks for the derivative cutting in tedtand12 when using
textured cutting tool design 3taielow feedwith low and high cutting velocity, respectively
In addition, wherusing design &t high feed, therareminor marks for derivative cutting
ard the trapping of the cutting debris as shown in the microscopical images f@ &aests
16 at low and high cutting velocity, respectivelyycan be stated that tin@cro-groove with
a small width (i.e., design 3 can reduce the occurrence of derivatougting with the
completeand partialfilling actionsobservedwhen using design &t high feed and with

design 2 at high feed and low cuttimglocity.

5.5.1 Cutting and feed forces

Figures 512 and 513 show the measured cutting and feed forces Her donducted
experiments. It is known that the forces vary with the change of the cutting speed. This is
because of strain hardening or the thermal softening of the workpiece material during the
machining process. These two reasons (i.e., strain hardamihthermal softening) alter at
different cutting velocities. The measured forces indicate that the thermal softening is
dominated by increasing the cutting speed from 75 m/min to 150 m/min, and it cause a
reduction in the measured forces. FigwErshoved a small reduction in the mean cutting

and feed forces along with increasing the cutting velotitis known that increasing the
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feed value will be accompanied by an increase in the forces. The results shown in Figures 5
17 also confirmed that the high increase in the mean cutting and feed forces was associated
with the increase in the feed value. §dicates that the effect of the feed is higher than the

effect of other process parameters on the mean cutting and feed forces.

Chip movement direction

- -
v A ——

1
Test 16 :
V=150 m/min |
f=0.1mm/rev |

- g 64
*» : |
Test 8 :

V=75 m/min |

| f=0.1mm/rev :

Test
V=75 m/min
4 f=0.05mm/rev

e—————

Figure5-11. 2D microscopical images of the cutting tools rake faces of the used cutting
inserts for conducted 16 cutting tests
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For the cutting conditions of 75 m/min cutting speed and 0.05 feed, all the different textured
cutting toos (i.e., design 1, design 2, and design 3) showed lower cutting forces and feed
forces compared to the ndextured cutting tool (see Figurgsl2 ands-13). This is because

of the absence of the derivative cutting phenomena associated with using trese tiusl
cutting condition (see Figu®11). However, the reductions in the cutting forces are small
which are 2.5%, 2.9%and 3% for design 1, design 2, and design 3, respectively. For the
feed forces, the reductions are 5.5%, 5.@R66% for the textred design 1, textured design

2, and textured design 3, respectively. The performancal déxtured cutting tools is
comparablalue totheabsence of the derivative cutting amgingthe same total width of all
micro-grooves in all designs (same reduetio the contact length). In addition, the reduction

in the feed forces is higher than the cutting forfoesall texture designdue to thealmost

similar direction of the feed force and the frictional force.

Similarly, all textured cutting tosbffered lower forces compared to the #temtured cutting

tool atafeed of 0.05 mm/rev and cutting speed of 150 m/min (tests 9, 10, 11, and 12). For
the cutting forcesthe reductions are small which are 1.6%,, 2#d 2% for the textured
design 1, textwad design 2, and textured design 3, respectively. While, the reductions in the
feed forces are 2.4%, 3%nd3.5% for textured design 1, textured design 2, and textured
design 3, respectively. The smaller reduction associated with the textured toolkeat hig
speedandthe same feed of 0.05 mm/ras due tothe shorter chitool contact length at
higher speed. According to the prevityushown force results at low feed, the reduction in
feed and cutting forces associated with using textured cutting toaofs tis 6% and 3%,
respectively. This is because of the far position of the first Agooove (at 240 pm from the

cutting edge)along withthe shorer contact length in case afsmall feed valueompared
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to the higher feed valuén addition, it can betated that the effect of the miegroove width
is less significant if the mickgrooveis located far from the cutting edge (i.e., near to

separation point).

The derivative cuttingbserved whemsing desigrl is the cause ahe higher cutting and

feed forces compared to the Aextured cutting tool a& feed of 0.1 mm/rev and cutting
velocity of 75 m/min (i.e., test 6). T&increasan the cutting and feed forces when using
designl is about 11% and 19%, respectively. Similarly, design 2 at thee seutting
condition (i.e., test 7) showed higher cutting and feed forces compared to thextwad

cutting tool by 6% and 10.6%, respectively. This is because of the presence of the derivative
cutting (see test 7 in Figufell). This is because of thedose position of the first micro
groove (at 240 um from the cutting edgé)ng withthe longercontact length in case of high

feed valuecompared to the low feed valugowever the textured tool of design 3 provided
lower cutting and feed forces compdrto the nofiextured tool by 2% and 4%, respectively.
This is confirmed that the absence of the sederivative cutting (see test 8 in Figld.1)

can show up the benefits of using the textured cutting tools in reducing the forces. In addition,

it canbe noticed that usingnarrow micregroovecaneliminate the derivative cutting.

For the performance of design ladeed of 0.1 mm/rev and cutting velocity of 150 m/min,
the cutting and feed forces are still higher compared to thetexinred tool by 7% and
13.5%, respectively. These increasgethe forces of test 1d.e., high cutting velocity and
high feed)are lower than the increases in forces of t€seg low cuttng velocity and high
feed) This is due to the shorter chipol contact length associated with higher cutting
velocity. Unlikely the performance of design 2 in tesfi.é., low cutting velocity and high

feed) desigm2 showed lower cutting and feed fosie test 15 (i.e., high cutting velocity and
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high feed)compared to the netextured tool by 2.5% and 4.3%, respectively. In addition,
design 3 provided lower cutting and feed forces in test 16 by 4.5% and 9%, respectively. It
can be stated that the effexf the micregroove width is more significant when the micro
groove is generated close to the main cutting edge (i.e., in case of high feed). This is can be
seen especially in the different performances of design 2 in test 7 and t&stdfling to
conducted statistical analysis, it should be stated thattiadues based on the cutting forces

for cutting velocity, feed, micrgroove width at 95% confidence level are 0.01, 0.00001,
and 0.36, respectively. While, the thevgdues based on the feeddes for cutting velocity,

feed, micregroove width at 95% confidence level are 0.04, 0.00001, and 0.14, respectively.
In addition, the benefits of the textured cutting tool appear clearly when applying the micro
groove not extremely close or far from thdtmg edge. Furthermore, the effect of using
narrower micregroove on the reduction of the mean cutting and feed forces can bi@ seen

Figure5-17.
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Figure5-12. The measured cutting forces of the conducted machining tests using non
textured andextured cutting tools (with-Ralue 0.01, 0.00001, and 0.36 for cutting
velocity, feed, micregroove width, respectively)
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Figure5-13. The measured feed forces of the conducted machining tests usitexhoed
and textured cutting tools (with-walueof 0.04, 0.00001, and 0.14 for cutting velocity,
feed, micregroove width, respectively)

5.5.2 Power consumption

Figure5-14 shows the measured power consumption for each machining test. The measured
power included all the consumed power by differentspairthe machine such as the spindle
motor power and feedxis motor. The results reveal that increasing the cutting velocity and
the feed isaccompaniedby anincreasein the measuregower consumption as shown in
Figure5-14. This is can be seamFigure5-17, where the cutting velocity abserved athe
mostsignificant parameteaffectingthe mean power consumption, followed by the feed and
the micregroove width.

For the cutting condition of 75 m/min cutting velocity and 0.05 mm/rev feed eatiétured
designs showetksspower consumption compared to the #iextured cutting tool (3% to

5% lower tharthe nontextured tool). In like manner, machining using the textured cutting

tools consumetesspower compared to the nd@extured tool at 156/min and 0.05 mm/rev.
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The reduction in the power consumptiwas2.3%, 2.6%, and 5.6% for design 1, design 2,
and design 3, respectively. This is declared that machining using textured cutting tools
consume less power compared to machining usmgntextured cutting tool in case tifie

absence of derivative cutting.

However,at a cutting velocity of 75 m/min and feed of 0.1 mm/reesign 1 and design 2
showed higher power consumptian ¢he case of complete and partial filling of miero
grooves cavities compared tothe machining usinghe nontextured tool. While the
measuredpower consumptiorwhen using desigr3 was lessthan with the nontextured
cutting tool by 5.7%atthesame cutting conditiofi.e., cutting velocity of 75 m/min and feed
of 0.1 mmfev). Furthermoreat a cutting velocity of 150 m/min and feed of 0.1 mm/rev,
machining with design 1 showed higher power consumption (the cabe pfesence of
derivative cutting) compared tbenontextured tool by 12%At the same cutting condition,
machining with design 2 and design 3 consumed less power compared to machinihg with
nonttextured tool by 4.5% and 9.8%, respectively. This is revealed that the absence of
derivative cutting can enhance the performance of the textured cutting t@slssoftpower
consumption. Moreover, this assuredoy the reduction in the mean power consumption
with the decreasing the micgroove width (i.e., high chance of eliminating the derivative
cutting) as shown in Figu17.Furthermore,he pvalues for cutting velocity, feed, micro

groove widthat 95% confidence levare 0.@002 0.00(¥, and 006, respectively.
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Figure5-14. The measured power consumption of the conducted machining tests using
nonttextured and textured cutting tools {wiP-value of 0.00002, 0.0007, and 0.06 for
cutting velocity, feed, micrgroove width, respectively)

5.53 Flank tool wear

Figure5-15 shows the measured flank tool wear of the used textured aitextored cutting
tools after the conducted experiments. It can be seen from Bi§utd and5-17 that the
cutting velocity has the most significant effect on the flank tool wear, followed by the feed
and micregroove width, where increasing the cutting velocity and feed védaels toan

increasan the flank tool wear.

The textured cutting tools showed better performance on the flank tool wear compared to the
nontextured tool ab.05 mm/rev feed when using cutting velocities76fm/min and 150
m/min. Since the generatedagpves are located on the rake faces of the utilized textured
tools, the effecof micro-groove width on the mean flank wear is less significant compared

to its effect on the forces and power consumption (see Figli/@. This can be found in

the enhancesant in flank tool wear results when using the textured cutting tools compared
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to the enhancemermibserved irthe power consumption. These enhancements are between

2% to 5%.

For the cutting conditions of 75 m/min cutting velocity and 0.1 mm/rev feed,rdésagd

design 2 provided higher flank tool wear compared to thetextured cutting tool by 14%

and 7.7%, respectively. This is because of the additional forces and heat associated with the
derivative cutting phenomerabservedunderthis condition However, design 3 showed

lower tool wear by 2% compared to the ftiertured toolThe flank wear results are in line

with cutting and feed forces presented earlier in subseso8.

Similarly, design 2 and design 3 offered less flank tool wear tth@nontextured cutting

tool at cutting velocity of 150 m/min and feed of 0.1 mm/rev by 2% andrd8pectively

These small enhancements are due to the dominant effect of the cutting velocity on the flank
tool wear over the mickgroove width (see Figurg-17). On the other han@t the same
cutting conditionthe presence of derivative cutting associated with design 1 showed higher
flank tool wear compared tthe nontextured tool by 9%In addition, The pvalues for

cutting velocity, feed, micrgroove widh at 95% confidence levelre 0.00001, 0.00009,

and 0.069, respectively.
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Figure5-15. The measured flank tool wear of the using-texttured and textured cutting
tools (with Rvalue of 0.00001, 0.00009, and 0.069 for cutting velocity, feed, raicove
width, respectively)

5.5.4 Surface roughness

The surface roughness of the machined surface was measured after each experiment as
shown in Figuré>-16. It is known that the feed and cutting velocity have huge effects on the
surface roughness. Their effe can be seen from the mean surface roughness at their
different levelsn Figure5-17. Decreasing the feed value with increasing the cutting velocity

is considered the perfect cutting condition for reducing the surface roughness.

At the cuttingcondition of 75 m/min cutting velocity and 0.05 feelll tlze textured cutting
tool designs showed better performance on the surface roughness compiedae
textured tool. This is due to their enhanced performaocehe flank tool wear at the same
cutting condition. However, the enhancement perceritagdl textured cutting tool designs

is reduced (2%- 4%) at the cutting velocity of 150 m/min and 0.05 mm/rev as shown in

Figure5-16.
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On the other hand, design 1 and design 2 provided higher stotagteness compared tioe
nontextured tool at 75 m/min cutting velocity and 0.1 feed by 13% and 9%, respectively.

While design3 showed lower surface roughness at the same cutting condition.

For the cutting condition of 150 m/min cutting velocity andf@dd, design 2 and design 3
showed lower surface roughness compared to theéextared cutting tool by 7% and 15%,
respectively. While design 1 provided higher surface roughness compared to the non
textured tool similar to its performance at 75 m/mirtingtvelocity and 0.1 mm/rev feed.
Besides, e pvalues for cutting velocity, feed, miegroove width at 95% confidence level

are 0.00001, 0.00001, and 0.04, respectivelghould be stated that all mentioned results
are correlated with the presencefahce of derivative cutting phenomena when using the

textured cutting tools.
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Figure5-16. The measured surface roughness of the machined surface conducted
machining tests using ndextured and textured cutting tools (withvBlue of 0.00001,
0.00001and 0.04 for cutting velocity, feed, miegsoove width, respectively)
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5.5.5 Theinteractioneffecs of the machining parametersvith the texture design
parameters

According to the shown microscopical imagsese Figuré-11) andall presented resultg

can be stated that there is a relationship between the machining and the desigre
parameterswhich affectshe occurrence of the derivative cutting. The feed value and the
cutting velocity are responsible for determining the ¢bid contact length. Besides, the
relative relationship between the contact length and the texpaeaneters (i.e., micro
groove position and width) playhe dominant rolén the presence/absence of the derivative
cutting phenomena. As shown in Figid8, if the micregrooves are locatecklatively
close to the cutting edge, there will be sewd#rivative cuttingaccompaniedby complete

and partial fillingactionsof the micregrooves cavities. This will jeopardize the benefits of

using textured cutting tools.

On the other hand, if the micgrooves are locate@lativelyfar from the cutting edgand

near to the separation point (see the gray zone in Figpl®), there will not be any
occurrence of the derivative cutting dueth@ lower normal stress at this zone (see the
microscopical images of the textured tool at tests 2, 3, 4, 10, 11Figuire5-11). However,

the textured cutting tool will exhibit lower enhancementterms of the machining outputs
compared to the nerextured tool (see the previous experimental results of textured cutting

tools at 0.05 feed with 75 m/min and 150 cuttedpcities).

The best scenario faichieving the targetdsknefitswhenusing textured tools i® generag
narrow micregrooves staimg from the first position where the derivative cutting is
eliminated (see the green zone in FigbwE8). This positia is relativelydependenon the
contact lengthdependingon the utilized machining parameters. In that case, the textured

cutting tool shows higétr enhancements compared to the-textured tool (see the previous
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experimental results of design 3 at Geked and 75 m/min, and designs 2 and 3 at 0.1 feed

and 150 m/min).

Thus, the proper selection of the machining and the texture design parameters is needed to
avoid theoccurrenceof the derivative cuttingBesidesthere isa need to have a model to
determine this positiorfor the texture dimensions and the utilized machining parameters of

the cutting velocity and feed.

Position of the first Position of the first Position of the first

wide micro-groove narrow micro-groove narrow micro-groove

# Minor/No derivative cutting| » No derivative cutting

# High benefits of using # Less benefits of using textured
textured cutting tools cutting tools

I I I I I I I [ |
Cutting Separation
edge € Contact length *  point

Undeformed chip thickness (feed) ; i Cutting speed

Figure5-18. A schematic diagram of the relative effect of machining parameters and
texture dimension parameters

~ Severe derivative cutting
# Jeopardizing the benefits of
using textured cutting tools
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Chapter 6. An Analytical Model for the Optimized Design of
Micro-Textured Cutting Tools

6.1 Preamble

Chapter4 concludes that the farthest position of migmove from the cutting edge
accompanied by the narrowest width of migrooves delives the most optimum
performance (i.e., eliminating the derivative cutting). However, from the obtained
experimental resugtin Chapter5, it is concluded that locating the miegoooveextremely

far from the cutting edge and close to the separation point will exhibit lower enhancements
when utilizing the textured cutting tools compared to the-teatured tool. Accordingly,

there is a need to get a model which can offer the optimized textured dimension parameters
(i.e., position, width, and the number of migmoves).In this chapter, an Oxelyased
analytical model is developed to optimize miteatured cutting tool desigs) which
eliminates the occurrence of derivative cutting. The model accommodates any workpiece
material, tool geometry, and machining parameter. The model was validated by orthogonal
cutting of AISI 1045 steel tubes. The results show that the optimuno-texture design

eliminates derivative cutting and lowers forces compared to théextured cutting tool.
6.2 Model architecture

The advantages offered by the miteatured cutting tools gradually diminish when the edge
of micro-groove starts cutting into the bottom surface of the chip. This secondary cutting
action, also known as derivative cutting, generates raiciias and evenglly fill the micro
groove cavity (see Figu@1). Once filled, micregrooves cease functioning, which results

in higher forces and temperature and consequently rapid tool wear. Chaptestigated
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the effect of micretexture design parameters on tieeurrence of this phenomenon. It was
concluded that the farthest position of migrmove from the cutting edge accompanied by

the narrowest width of micrgrooves deliver the most optimum performance. As shown in
Figure6-1, derivative cutting is more pnounced at the vicinity of cutting edge. This is due

to high compressive stress, which pushes the chip into the-gnooves adjacent to the
cutting edge and results in complete filling action. Severity of derivative cutting decreases
by moving the firstnicro-groove away from the cutting ed@en the other hand, if the micro
grooves are located extremely far from the cutting edge and near to the separation point,
there will not be any occurrence of the derivative cutting due to lower normal stress at thi
zone. However, the textured cutting tool will exhibit lower enhancements compared to the
nonttextured tool. The best scenario for getting high benefits of using textured tools is
generating narrow micrgrooves start from the first position where thei\dsive cutting is
eliminated An analytical model to optimize the design configuration of mgnmoves is yet

to be proposed. Such a model must be capable of determining the optimum parameters of
micro-grooves e.g., position, width, etc. to eliminatereduce the severity of derivative
cutting and improve the performance during service life. To close this knowledge gap, an
Oxley-based analytical model is developed to design rgcomves on the rake face of
cutting tools such that derivative cutting isnimized and/or eliminated. To optimize the
micro-texture design, the proposed model in this paper considers the capabilities of the
currently available surface texturing techniques, e.g., laser ablation, and machining

parameters, e.g., feed, cuttmgloaty, and width of cut, as inputs.
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Figure6-1. Derivative cutting as a function of stress at tctub interface and distance
from the cutting edge

The Performance of micy@xtured cutting tools can lm®nsiderably improved by proper

selection of the micrgrooves design parameters (3, I3, d, r, N), see Figre6-1, wherel,

is the distance of the micigroove from the cutting edgle,is the width of the micrgroove,

I3is the spacing between theano-groovesd is the depth of the micrgroove ris the radius

of the micregroove edge, and is the total number of the micigrooves over the rake face

of the cutting tool.The main actions involved in machining when mitegtured cutting

tools areemployed are illustrated in Rige 6-2. All these actions occur in micstale;

therefore, the proposed model heavily relies on the principles of -miaohining. In this

context, the micra@uttingedge geometry (the radius of miggooove edge that serves a

micro-cutting edge in derivative cutting) and the uncut midng thickness (thickness of

the uncut chip inside the micgroove) are the key factors in the design process. The relative

values of the micra@uttingedge radius and uncut miechip thckness result in different

elastiep| asti c

behavi

or s

of

t -raove edye. podsdingtathee r 1 a |

micro-machining principles, the formation of derivative mictap depends on k), which

is the minimum thickness of uncut miecbip enough to start the chip formation. The value
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of ham is contingent to the micrgroove edge radius and the coefficient of friction on the
tool-chip interface. As shown in re6-2(a), derivative cutting starts to emerge when the
uncut micrechip thickness (k) is greater thands. When h is smaller than d, derivative
cutting is substituted by ploughing or sliding so the chip slides over the -gricoves
instead of penetrating into it, seagitie6-2 (b). Accordingly, the current model calcesat
the critical values of hand hm considering the workpiece and tool materials along with

micro-groove design parameters.

(@) ha> hap (b) ha < ham

Derivative Cutting

Cutting Tool Ploughing/Sliding

Workpiece

Figure6-2. A schematidiagram showing the main actions (miatting, ploudping, and
sliding) in machining with micrggrooved cutting tools

Moreover, since derivative cutting is a mikgcale phenomenon, the effect of migmove

edge radius must also be included in the model due to its significance in deteiminig

stated earlierham represents the transition from shearing to ploughing/sliding which is a
function of the stagnation point angté. as presented in Eqtion(6-1) [78]. It is governed

by the stagnation point on the miegor o ove edges ( sre@2),plochist @A SO
essential for calculating the valuehaf. Below the stagnation poirfté<hdm), the chipflows
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underneath the micrgroove edge without shearing and thus no derivative cutting occurs
and no micrechip is formed, see Fige 6-2(b). Beyond the stagnation poiti$ham), edge

of the micregroove acts like a microutting edge and contributes tbet inception of
derivative cutting where the chip starts to partially flow inside the rgobove cavity and

forms micrachips as shown in Fige6-2(a). Eqations(6-1) and(6-2) in [78] for calculating

ham anddm have been adopted in the proposed model in this paper, Whisréhe micre

groove rake angle which is approximately equal to the average friction angtetoolchip
interface. Thus, the friction angb&nd the micregroove edge radius)(must be determined

prior to calculatindham. As shown in Figre 6-3(a), the micrechip starts penetrating inside

the micregroove cavity at the starting point () and continues penetrating until the end point
(g) of the micregroove. Thereforeyq is equal to the difference of the miechip thickness
between points (e9nd (g), see Fige 6-3(a). The displacement of the engaged side of the
micro-chip at point (e) is zero and the maximum displacement occurs at pointt (g).
resembles the displacement of a cantilever beam subjected to a normal distributed load with
zero dsplacement at the fixed end and maximum displacement at the free end as shown in

Figure 6-3(b).
N ip AI-D (6-1)

S (6-2)
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Figure6-3. Modeling the undercut derivative chipickness h

As can be seen in Rige 6-3(b), hq is equal to the maximum displacement at the free end of
the cantilever beam. Due to the small width of the mgnaove, the nomuniform normal
stress acting on the portion of the chip hanging over the rgroave is approximated to be

a trapezoidal noral load distribution. The load magnitudes at the two ends of the trapezoidal
load distribution ar&V, andW-, which are assumed to be equal to the start and end values of
the nonuniform normal load distribution over the miegooove. In addition, lengthfdhe
cantilever beam corresponds to the width of the mgzomve. Employing the superposition
method, the maximum displacement at the free end of a cantilever pesaubjected to a
trapezoidal load distribution is the summation of two maximum displesenomponents;

one is caused by the uniform lo#d and the other one is caused by triangular M&ad\-.
These two displacement componentsyaesdy- respectively, see Fige6- 3(c). As a result,

ha can be calculated using &ations((6-3)-(6-4)), where Un(l1) is the normal stress at the

first point of the micregroove (point e)iin(l1+l2) is the normal stress at the end point of the
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micro-groove (point g)E is the modulus of elasticity, arids the moment of inertia of the

deformed chip (assuming rectangular crssstion).

S S — (6-3)

a4 & 0d & a a oa
,Q I ’ n n ” (6_4)
w ® @00 o ©0

The orthogonal model of machining adopted in the proposed model to simplify the
relationship between the primary cutting and the derivative cutting, seecfagt. The

inputs to the model include machining parameters such as cutting sfjeeshcut chip
thickness 1), width of cut (), and cutting tool rake angl&)( Material behavior during
machining is represented by Johngoook (JC) constitutive model and its constants
includingA, B, C, m, andn. In }C model A is the yield stress of the workpiece mateifal,

is strength codicient, C is the strain rate sensitivity parameters the strain hardening
exponent, andn is the thermal softening exponent. In addition to aforementioned input
parameters, there are some temperature related inputs to the model including the initial
workpiece temperatureTy), the workpiece melting temperaturé.), and the thermal
properties of the workpiece material such as the specific h@atarid the thermal
conductivity Cp). The proposed model considers laser ablation as a technique for generati
micro-grooves on cutting tools where a laser beam is pointed toward the surface to ablates
the cutting tool. Altering the laser parameters such as pulse power, repetition, duration,
scanning speed, and number of passes, yields igioamves of various lmpes and
dimensions lg, d, andr). However, there is currently no formula available to accurately
correlate laser parameters with migi@ove design parameters. Based on the selected laser

parameters, different mictgroove designs can be generated faddo the proposed model
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as inputs. The model will then process the data and select the besigromve design
among this set. The proposed model consists of three main modules. The first module utilizes
the extension of Oxley theory for@ flow stressmodel [79, 80] which calculates the
required parameters for formation microscopic chips. For instance, normal stress acting

on the rake facell) is needed to calculate, see Egations((6-4), (6-5)-(6-7)). In these
formulas,(Ag is the strain at the primary shear plane ARg is shear flow stress at shear
plane AB,C is the length to thickness ratio of primary shear zoneFans the normal force

at tool chip interface, se§79]. In addition, the coefficient of frictiongf is required to
calculateham, see Egation(6-8), whered is the angle between the resultant force and the

shear plan@B, t is the shear angle, ahglis the toolchip contact length, see &ation(6-

9).
@ ® 6-5
” ” p ‘a ( - )
‘ : 62" 6-6
] b P T 4 COEz—s (6-6)
& o
. z 5 - . (6-7)
Law p ¢ d Csg——35— ©
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o 5 € 6
. 0O0EL 5 8-
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Oncell, lc, andaare determined in module one, the feadibier each set of the input micro
grooves will be determined in the second module, sag@&tg4. Feasibld; is the position

(location) of the first micregroove of each set with respect to the cutting edge at which
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derivative cutting is minimized/eliminated. This is achieved by calculdtirand ham for
each set of input micrgrooves. In Figre6-4, module 2j is the index identifying each set
of micro-grooves and is the total number of sets. As presented irufgé@-4, the second
module starts to find the feasibidor each set by alteringin small increments and perform
the feasibility check. For itance, in Figre 6-5, points(pi-ps) do not satisfy the feasibility
check fu<hdgm) while the pointgp7-p1e) do. Altering the value of; is terminated when its
instantaneous value becomes equdé,teee Figre 6-4. Subsequently, the model stores alll
feasible positions and their corresponding migrooves design parameters for eachiset (
l1, I2, d, ). Next, the sets deasible micregrooves EMQG) is transferred to module 3, where
the resultare sorted and the nearest feasible point for each set is designafed that set.
Then,the feasible lengthd for each set needs to be calculated, which is the distance between
l1 andlc, see Figre 6-5. Note that due to the geometric differermween the sets, the
feasible length for each set has its own particular valuds(skg lts, I12 shown in Figire 6-

5). The only remaining parameter to identify is the number of mjcomves ) for each set
that has to be created withinN is equal to (s+l 3)/(I12+1 3). Ultimately, the optimum set among
the aforementioned sets of miegoooves needs to be chosdine objective function for
selecting the optimum set is minimizing the tobip contact length (i.e., maximizing the

total width of allgenerated micrgroovesNxly).
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Figure6-4. Flowchart of the proposed model
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Figure6-5. Visualization of the 2 and 3% module in the proposed model

6.3 Experimental Validation

To validate the proposed model, the optimum set of rRgoooves, as an output of the model,

was generated by the Ytterbitoped pulsed fiber laser (YDFLP) system on the rake face

of an uncoated ceramic insert (DTGNR 2525M/éh a wedge angle of 90°, negative rake
angle of 6 , and cl| ear auwebéd(aalhgdercratedtexttred as i
tool was then used in orthogonal turning of AISI 1045 steel tubes with 30 mm diameter and
wall thickness of 1 mm as shavin Figure6-6(b). The JC constants and thermal properties

of the workpiece material were obtained fr¢f®]. Feed (ncut chip thickness), cutting

speed, and width of cut (chip width) were 0.09 mm/rev, 120 m/min, and 1 mm, respectively.
Two sets of micregrooves with differentl{, d, r) were fed to the proposed model as input.

Design parameters of the first and secendt s wer e (60 & m, 12 &m,
em, 8 &em), respectivel y. L a s e rgropvesiwarelasere r s f
power of 10 Watt, repetition frequency of 100 kHz, pulse duratio®os5and 1 scanning

pass. The scanning speeglsre 750 mm/s and 1000 mm/s for the first and second sets,

respectively. The dimensions of these sets were measured using a digital optical microscope
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(KEYENCE VHX-1000). Based on the given inputs, the first part of the model predicted the
contact lengthd be 0.432 mm, while the second part of the model predigteid be 0.725

em and O0.96 em f or t h egrobvestrespectiaetydn aslditionpthed s et
second module calculated the valuehgft different positions from the cutting eddes

expected, théqy value started to decrease gradually by moving the first Agicyove away

from the cutting edge. At positionkE 1 6 0 e m from t he chibdecameng edg
smaller tharinamfor the first set of micr@rooves. Same observativas made for the second

set of micregrooves at the positon =280 em from the cutting e
micro-grooves sets were fed to module 3 to identify tNeifhe values o for the first and

second set was calculated as 3 and 1, raspgctAccording to the objective function of the
optimization in module 3, the first set was determined to be the optimum texture design
(l1=160,Lbe6n0 ,l&=sM5 ,d=rh2 ,rs B ,dn3). 2D micrograph and 3D surface
topography of the optimum micigroove design ablated on the insert was captured using a

digital optical microscope (KEYENCE VHA000), see ure6-6(c). The 2D micrograph

captured after the machining at cutting speed (V) of 120 m/min and feed (f) of 0.09 mm/rev

did not show any sign ofedivative cutting, partial filling, or complete filling, see Gig 6-

6(d).

To compare the performance of the optimized mtesdured cutting tool with the nen
textured oneKistler 9251A dynamometer was utilized to capture the forces under the same
cutting conditions where the increase in forces reflects the presence of derivative(se#ing
Chapter 5) Each test was repeated three times and the average cutting force textauoed

and micretextured cutting tools were 399\and 373.2N (with standard deviation of 9 N

and 8.7 N), respectively, showing an average reduction of 6.5%. Similar trend was observed

87



Chapter 6: An Analytical Model for the Optimized Design of Midrextured Cutting Tools

for the average feed forces where 296.&8nd 220.5N (with standard deviation of 11.5 N
and 9.7 N) were recorded ftire nontextured ananicro-textured tools, respectively (~14%
reduction). The results proved that the optimized mierture design eliminated the

negative effects of the derivative cutting and reduced the cutting and feed forces.

e e AL L SR e

 Cutting edge

Micro-grooves | Derivative cutting =

Rake face L T “ "!

90° wedge angle
-6° rake angle
62 clearance angle

Flank face

Cutting insert

() (e)

No derivative cutting g o derivative cutting

(b) (d) (f)

Figure6-6. (a) Insert,(b) setup and surface topography of the optimum migomves(c)
2D micrograph of the insert before machining, &hde, ) after machining at different
cutting conditions

To further validate the model, a similar optimized mitgrture design was testedder two

other cutting conditions and compared to a-textured tool. In the first case, V=60 m/min

and f=0.09 mm/rev; while in the second one, V=120 m/min and f=0.06 mm/rev. For the first
case, the cutting forces for the textured andtesitured tool wee 483.1 N and 464.6 N (up

by 4%); while, the feed forces were 356.5 N and 336.4 N (up by 6%). The results proved the
presences of derivative cutting and patrtial filling, seaifeé@6(e). For the second case, the

cutting forces for the textured and ntaxture tool were 318.422 N and 331 N, respectively
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(~ 3.8% reduction); while, the feed forces were 196.6 N and 210 N (~6.4% reduction). No
sign of derivative cutting was observed for this case, seed-&5(f). Presence of derivative
cutting for the firs case and its absence in the second case can be attributed to the sensitivity
of the model to the input parameters. These input parameters hugely affect tti@gool
contact length which is a critical decision factor in the proposed model. Thereftire, if
textured cutting tool is utilized under cutting conditions for which it is not optimized, it may

not function as expected.
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Chapter 7. New DevelopedSustainability Approach for
Machining Processes

7.1 Preamble

In this chaptey a novel approach for sustainable machining processes is presented and
discussed to provide the machining process designer with the optimal parameters through an
exhaustive assssient process. This approach is mainly based on two main pillars. The first
pillar presents comprehensive guidefinr the assessment of machining processes
considering the life cycle assessment impacts as well as the existing sustainable machining
elementsBesides, the product quality aspects are integrated into the sustainable machining
metrics. This proposed integgion establishes a new performance analysis model to
accurately evaluate the sustainable machining process. The second pillar presents a novel
algorithm to model and optimizes the sustainable machining processes by providing the
optimal solutions using wutiti-objective optimization of all metrics of the proposed
performance analysis model for multiple input alternatives (i.e. different machining
strategies).Besides, a holistic performance analysis was carried out on the obtained
experimental resuligresated in Chapter Five performance metrics were selected in this
analysis to assess both studied strategies (i.e., machining with textured atecttaced

cutting tools). Modeling and multbjective optimization were performed to obtain the
optimized citing conditions for both strategies. Furthermore, these optimized cutting
conditions were then processed through-dominated sorting to obtain the superiority of

each strategy.
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7.2 The objectives of the proposed approach

This chapter presents nové approach that attempts to cover these gaps obtained in the

previous assessment methas mentioned in chapter one and chapter thfée main

contributions of this approach are highlighted as follows:

1 The developed approach accurately expresses ubk@irgbility analysisfor the

machining processes which includes life cycle assessment impacts and the existing
sustainable machining elements.

It is capable of extending tlsistainability analysit be used as a performance analysis
model of the machiningrocesses by integrating a new metric expressing the quality of
the machined product.

The proposed approach includes six sustainable machining metrics under the economic,
social, and environmental dimensions of sustainability within the deeisaiking
processn orderto achieve a comprehensive assessment without the adoption of only one
index. Nowadays, the machining process inputs are selected within a huge range of
multiple input alternatives (different machining strategies) such as different dotiisg

cutting fluid techniques, and assisted techniques. On the other side, this huge range makes
difficulties in the decisiommaking process to select the process parameters of each input
which obtains a better performance of the machining process.eBettié current study

offers a decisioimaking algorithm to determine the optimal process parameters of each
input according to the proposed performance analysis model.

The new algorithm can be utilized to analyze the optimal process parameters oftdifferen
alternative inputs to obtain the superiority range of each input (machining strategy).

Therefore, this approach addresses the modeling and optimizing of these multiple
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metrics. A multiobjective optimization procedure is adopted within the developed
appoach to deal with the proposed metrics in the performance analysis model.

1 The proposed approach offers the machining process designer a wide range of optimal
cutting settings over multiple metrics. In other words, it can be used to obtain the cutting
setings which can achieve the highest possible performance in each metric. Besides, it
can offer other cutting settings that can achieve a balanced performance for all considered
metrics.

1 Additionally, the novel approach utilizes the rdominated sorting process to obtain the
outstanding optimal solutions (n@lominated process parameters for each input) in the

existence of multiple alternative inputs of the machining process.

The proposed approach provide the machining process designer (decision maker) with the
optimal parameters through an exhaustive assessment process which considers the life cycle
assessment impacts, the existing sustainable machining elements as welpaxitice

quality. The system boundary including different life cycle stages of the different inputs such
as cutting tool, cooling strategy, and assisted technique to the machining process as shown
in Figure7-1. There are two main stages of the proposgdogeh as shown in Figuikel.

The first stage which is indicator selection and data collection aim to analyze the performance
of the different input alternatives the machining process. The environmental and human
health impacts of all inputs of the niaing process are examined by the LCA. Besides, the
existing sustainable machining elements concerning the social and economic dimensions are
investigated in this model. Besides, other indicators that are related to surface integrity are
suggested to expss the level of quality of the machined product. Consequently, the new

performance analysis model includes a new metric of surface topography, residual stresses,
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microhardness, and surface defects indicators to accurately represent the quality of the
machned product. The decisiemaking algorithm in the second stage includes three main
steps which are modeling, mutibjective optimization, and nesiominated sorting. The
modeling step investigates how to present the relationships between the process desig
parameters and the indicators. After that, the developed indicator models of each metric are
used to express an integrated model for the corresponding metric. Theoljedtive
techniques utilize the developed integrated model of each metric tolwfeptimal set of
process parameters. To obtain superlative process parameters of different machining
alternative inputs, this stage applies the process ofdpamnated sorting to analyze the
optimal process parameters sets of all inputs, then thisabéges the outstanding process
parameters of each input (rdominated solutions). Then, these rdwminated optimal
solutions for different machining input alternatives (different machining strategies) are used

to determine the superiority range of eatdichining strategy as shown in Figuré.

7.3 System boundary and input alternatives of thenachining processes

Regarding the framework of the proposed approach, the main goal is to select the optimal
process setting of the machining process. Besithesproposed approach is designed to
compare the performance of different inputs (different machining strategies) when used in
the same machine tool. Hence, the system boundary and the inputs of the machining process

should be discussed before going te different stages of the proposed approach.

The system boundary of the machining processes includes the life cycle stages of material
extraction, manufacturing, use (machining process), and the end of life. These life cycle
stages cover the inputs andjuis of the machining processes as shown in FigudreThe
material extraction and manufacturing stages of cutting tools and cutting fluid are analyzed
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by the proposed performance analysis model. While, the proposed model considers the
cooling techniqueassisted technique, and the machining parameters at the use stage.
Regarding the end of life stage, it covers different disposal and recycling scenarios of the
used tools and fluids, and the collected chips. The main inputs for this system boundary are
the raw materials, water, and energies. While, the main outputs are the machined product,
machining characteristics, wastes, and gaseous emissions. Some examples of the inputs and

outputs of the system boundary are listed below:

Raw materials: There are at lof raw materials included in the system boundary of the
machining process such as raw materials of the workpiece, cutting tool, the coating of the

cutting tool, base cutting fluid, and the additives for the base cutting fluid.

Water: The cutting fluiconsumes high amounts of water as it is considered the base fluid
for some types of cutting fluids such as aqudoased cutting fluids (solutiepased and
emulsionbased). Besides, the water is used for planting the seeds which used to extract the

vegetale cutting olils.

Energy: The energy is required for cutting tool manufacturing processes suchrasling)
sintering, grinding, edge preparation, and coating processes (Physical Vapor Deposition
(PVD) and Chemical Vapor Deposition (CVD)). Similargnergy is consumed for cutting

fluid extraction and preparation processes. Besides, energy is required for the equipment of
the cooling technique and assistedhniques within the machining process such as pumps,

air compressors, and electrical motors.
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Machined product: The obtained machined product is the main output from this system
boundary, and thus, the quality aspects of the machined product are analyzed by the

performance analysis model.

Machining characteristics: The obtained machining charatteri measured within the
machining process such as cutting forces, tool wear, vibrations, and cutting temperature are

significant outputs of the system boundary.

Wastes: There are different types of wastes such as solid wastes of worn cutting tools and
chips, liquid wastes of used cutting fluids, and gaseous/aerosol wastes of cutting fluid mist

and dust (dry machining).

Emissions: Besides the resulted emissions for the energy required for different life cycle
stages, there are other emissions obtaindtkimanufacturing stages of the cutting tool and
cutting fluid. For example, the emissions have resulted when using different gases in CVD
and PVD processes for coating the cutting t@&1]. Besides, these are other resulted

emissions when using gaseous carriers of the cutting fluids such,asGC .

The used raw materials, water, energies, machined product, machining characteristics,
wastes, and emissions through all these stages are analyzed by the LCA, the existing
sustainable machining elements, and the quality aspects. Consequently, seleetiagt diff
inputs for the machining process from cutting tools, cooling strategies, assisted technique,
and machining parameters shows different pathways, inputs, and outputs through the system
boundary. Accordingly, different inputs to the machining process te different levels of

the environmental, economical, and social aspects of the entire system. The following
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subsection will discuss the input alternatives for the machining processes which affect the

mentioned performance aspects.

7.3.1Input alternatives for the machining processes

There are different controllable inputs to the same machine as shown in Figuféese

inputs are related to the machining parameters, cutting tools, lubricatting techniques,

etc. As shown in Figuré-2, the irputs refer to the®llevel: lubricating applying technique,

cutting fluid type, assisted technique type, material of the cutting tool, material of the cutting

tool coating, tool coating deposition technique, and the coating structure are considered as
Adaegorical vari abl eso. Ot h é%lewdl: ghe mactinmg i npu
parameters, cutting tool geometry, process parameters of the cutting fluid technique,
composition of the cutting fluid, assisted technique parameters, tool material stbompo

coating material composition, deposition technique parameters, and the number of coating

|l ayers is considered as Anumerical wvariable
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As shown in Figur&-2, there are many categorical and numerical variables of the machining

process. The categorial variable is the input of the machining process which is chosen from

different categories of this input (different machining strategies). Each categorical variable

contains numerical variables which are the process parameters of this categorical variable.

The common machining parameters of any conventional machining process are cutting

speed, feed, and depth of cut. The categorical and numerical variables agdetoatataing

and lubrication, assisting techniques, and tools and coating as mentioned below in Table

1. Recently, assisted techniques such as vibration, ultrasonic vibration, andssisezd
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techniques are considered as one of the inputs of themagprocess to generate precision

features on the hard and brittle materials. The vibradgsisted technique can be classified

into 1D and 2D techniques. The geometry of the cutting tool is expressed in several numerical

variables such as the cuttingotangles and edge radius. The proposed approach can be

utilized to provide the optimal parameters (i.e. optimal settings of the numerical variables)

of multiple categorical variables. For instance, the proposed model can obtain the optimal

parameters of mitiple categorical variables such as MQL and cryogenic technique, mineral

oil and semisynthetic cutting fluid, and lasasssisted and vibratieassisted machining.

Table7-1. Controllable inputs for the machining processl their categorial and related

numerical variable

Controllable

machining inputs

Categorial variable

Related numerical variableg

Lubrication/cooling

Lubrication/cooling

Dry machining
Flood cooling
MQL

Cryogenic cooling

Flow rate
Pressure
Standoffdistance
Nozzle angle

Nozzle diameter

Cutting fluid

Oil-based (e.g. petroleum oil, vegetable oil)
Gasbased (e.g. NCQO)

Aqueousbased (e.g. synthetic fluid, sesynthetic
fluid)

Nano-cutting fluids

Percentage of the base
fluid

Percentage of additives
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Assisted technique

Vibration-assisted technique
Ultrasonic vibratiorassisted technique
Laserassisted technique

Vibration frequency
Vibration amplitude
Laser power

Laser defocus distance

Laser scanningme

Cutting tool

Tool material

Cemented carbides
HSS

Ceramics

Cermets

Diamond PCD

Composition of tool
materials (e.g. percentagg
of the main element,
auxiliary elements,

bonded element)

Coating material
- TiC, TiN, TiCN, TiAIN, CrN

Composition of the
coating material (e.g.
percentage of TiN and
AIN of TiAIN coating
layer)
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Coating deposition technique

- PVC (e.g. Cathodic Arc Evaporation, Magnetron
sputtering)

- CVD (e.g. Lowpressure CVD)

Pressure

Power

Substrate (tool)
temperature

Distance between the
target and tool

The concentration of
neutral and reactant gase

Flow rate

Coating structure

- Singlelayer/doublelayer/gradierdayer
- Multi-layer

- Nanclaminate

- Nanocomposite

Total thickness

The thickness of each
layer

Number of layers
Composition of the
amorphousphase materia
/ nanocrystallingphase

material

7.4 Performance analysis model: Indicator selection and data collection

This section shows the first contribution element within the proposed novel approach as

shown in Figure7-1. This section is mainly focused on developing a detailed and

comprehensiveerformance analysiswodel. The performance of the machining process

must be analyzed within the thr@&eple Bottom Lines(TBL) of sustainability. Figur@-3

shows the components the proposed performance analysis model which includesixthe

sustainable machining metrics based on the three dimensions of sustainability which are
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economic, social, and environmental dimensio@ensequently, all the inputs and outputs

of the machiing process are being studied from the proposed six sustainable machining
metrics. This model is considered as stage 1 of the proposed approach which covers the
selection of the performance indicators related to collected data about the system boundary

of the machining process.

7.4.1. Sustainable machining metrics

The proposedsustainable machining metricare resources and energy consumption,
machining cost, the impact of waste management, environmental impact, personal health and
safety, and machinedqutuct quality. These metrics are selected according to the definition

of sustainable manufacturing procegd8¢sThese metrics include quantitative indicators that
measure the performance of the process according to the teafjedteon metric. Some of

these indicators are used before in previous sustainability assessment of the machining
procesgq20, 22, 60, 83] The proposedustainable machining metricembine life cycle
assessment impacts, quality indicators, and other sustainable machining indicators as shown

in Figure7-3.

LCA impacts focus on resource depletion, environmental impacts, and human Ingakih.
currentapproach the LCA approach is employed to measure the environmental, human
health impacts, and resource depletion of all inputs during the machining proesisies

LCA considers all stages of these inputs including the use stage during the machining
process. Afterward, those impacts are integrated into the sustainability assessment as shown
in Figure 7-3. Accordingly, conducting LCA in the proposed approaoksdnot strictly

follow ISO 14040 standards and guidelines. It includes only the required steps to obtain the

values of LCA impacts shown in Figu®e3. Thus, the novelty of thiapproachlies in
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developing an integrated approach that combines the ciipabilf the LCA approach as

well as the detailed sustainability approach presented by Hegalp2€x al.

The LCA is mainly focused to determine the environmental impacts of the products within
their whole Ife stages. Recently, it is becoming one of the common methods to guide the
decisionmakers to the ecetryiendly solutions of the machining processes. Thesstem,

human health, and natural resource depletion are the three areas of protection tieatede aff

by the resulting environmental impacts. Consequently, LCA impacts are presented in the
environmental impact, personal health and safety, and resources and energy consumption

metrics in the proposed model.

Carrying out the LCA includes four steps iath are goal and scope definition, inventory
analysis, impact assessment, and the interpretation of the results. The first step includes the
definition of the product, the purpose of the LCA study, and the needed time and resources
for applying LCA. In thenventory analysis step, the quantity and flows of the inputs and
transportation methods for the whole life cycle stages are defined such as materials, energy
resources, and water. The third step is considered as the most critical step of the LCA
platform which includes the effects of the output emissions and materials on the
environmental impacts. After obtaining and assessing the resultant environmental impacts,
the interpretation and conclusion are conducted in the last step to be used as a guideline in
the decisiommaking stage. The resources and emissions of the inputs within the life cycle
stages lead to several environmental impacts. Additionally, each emission may lead to more
than one environmental impact, which then causes impacts on areas egtipnoas
discussed in the open literatyg2]. Accordingly, there are two main classesyaideling

the life cycle impact assessment (LCIA) which are midpoint and endpoint, assessment
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models. LCAbased indicators in the proposed approach can be flexibly obtained through
any LCIA method (e.g. midpoints or endpoints models) as shown in the {@ds=se
studiedn this chapterThese methods convert the life cycle inventory into impact indicators.
Menoufi in[85] reviewed different methods for the life cgdmpact assessmerithere are
several commercial software packages for carrying out the LCA which include a lot of these
mentioned methods for LCIA. Besides, they include the database of the life cycle inventory
for producing several materials, chemicalsd energies. Besides, they have a database for

the treatment of the materials after the use stage.

For the sustainable machining assessment indicators, there are a lot of articles discussing the
sustainable machining metrics and their indicators,thacefore, the currerspproacthas

focused on reviewing the goals of these indicd@0s 22, 60, 83hs follows:

Resources and energy consumptiorhe metric of the resources and energy consumption
focuses on evaluating the consumption of renewable andemanvable resources which are
converted to the shape of energy to support the process. The environmental and social
dimensions of sustainabiligre considered in the resources and energy consumption metric
by reducing the use of limited nganewable resources. Besides, the cost of the consumed

energy is related to the economical dimension of sustainability.

This metric considers the consumptiginenergy and resources during the whole life cycle
stages. Resource depletion in this metric considers the depletion of used reg@s]rces
These Indicators focus on the limited r@mewable resourcesdi.fossil resources) and the
difficulties in the extraction of these resources in the future. The energy consumption
indicators cover the consumed energy in the processes of cutting setup, cutting process, tool
change, preparing the tool edge, cuttingflpreparation, and applying the cutting fl{2d].
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Besides, it covers the energies which are spent in the recycling/disposal processes of the

machining process output.

Machining cost:The second metric ingtles indicators to measure the direct and indirect
costs of the machining process. Besides, it considers the costs of the process inputs related

to all their life cycle stages. This metric presents the economic dimension of sustainability.

These indicat@ can be divided into four main groups of indicators. These groups are cutting
cost, toolrelated cost, lubrication/cooling cost, and the assisting techniqu¢26psihe

first group of cutting costs covettse costs within the machining time such as labor cost and
overhead cost, and the nrarachining time costs. In the second group of machining costs,
these indicators consider tool cost, tool changing cost, and tool disposal/recycling cost. The
third group presents the cost of lubricant/coolant preparation and the cost of the
lubricant/coolant applying technique. The last group covers the costs of purchasing,

operating, maintenance, and depreciation of the assisting technique.

Impact of waste managememhis met ri ¢ i s mainly focused on
elements associated with process outputs. Besides, it aims to close the materials flow loop
associated with the machining process by increasing the percentage of the reused and
recycled outputs wbh eliminates the environmental problems of the disposal of these
outputs. This metric includes indicators from previous w¢2ks 60] The environmental
dimension of sustainability is considered through increasing the amouatyafing and

reused chips, used cutting fluids, and used cutting tools. In terms of the economic dimension,
this metric is related to the cost of recycling and reused chips as well as other consumables

in the machining process.
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There are two groups elistainability indicators in the impact of waste management metric.

The first group covers the indicators of the recycling/reusing percentage of the consumables
in the machining process such as solid wastes of cutting tools and liquid wastes of cutting
fluids. The second group considers the percentage of recycling the solid waste of chips and

scrap parts from the machining process.

Environmental impacflhe environmental impacts of the inputs and the disposal methods of
the machining outputs are the targkthe fourth metric. In other words, the whole life cycle
stages of the inputs of the process are analyzed by the LCA tool to determine their
environmental impacts. Besides, it aims to measure the environmental impacts of the

emissions during the maching process.

Midpoints impact categories are considered as indicators in the proposed approach. The
impact categories which affect the natural environment such as global warming,
acidification, eutrophication, ozone depletion, and -tcdcity are allocatd in the

environmental impact metric of the proposed assesd®ent

Personal health and safetyhe fifth metric of sustainable machining metrics considers the
working conditions of the machining process to assess the negative effects on personal health
and safety. This metric is related to the social dimension of sustainability. Additionally, this
metric covers three impact categories from the LCA which directly affect human health.
These three impacts are air pollutants, human health (cancer anchmuar), and
photochemical smof@6]. Besides, somiadicators are considered to measure the conditions
which cause excessive fatigue of the operators and show undesirable product quality.
Besides, this metric covers the safety conditions of the machining process which could lead

to injures to the operatar$his metric includes indicators from previous wojk3, 60]
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It includes indicators about the generated noise and temperature related to the cutting
temperature in the working space of the machining process. The exposuleniptiene to

high | evels of noise (above 90 dB) and temp
the health and safety of the operaf®@@)]. Besides, measuring the generated vibration and
radiation whit cause extra fatigue to the operator or lead to unacceptable quality of the
machined product. The main source of radiation in the system boundary of the machining
process is the exposure to the electromagnetic waves generated at the PVD and CVD coating
processes such as higlower impulse magnetron sputtering. The flying chips indicator

targets the safety of the operator by measuring the velocity of the resultant chips (obtained

at cutting speed above 900 rp2d). It also measures the shape of the chips by analyzing the

chip breakability models in the target machining process.
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Figure7-3. The components of the machining performance analysis rf@&jel
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