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- Abstract

High production machining al high cutting speed and [eed rate gencrales large
heat and high cutting temperature. which shorens the tool life and deteriorates the job
guality. This prablem becomes more acule when the jobs are dilficult to machinc and are
1o be used under dynamic loading. The conventional culting fluids arc nol that effective n
such high production machining particularly in continuous cutting of materials like steels.
Further (he conventional cutting fluids are not environmentally fricndly. The disposal of
the cutting fluids ofien leads to Jocal water pellution and soil contamination. Recycling
and reuse ol conventional cuting fluids also lead to other problems. Machining of sofi,

sticky and duclile materials yiclds long conbiuos chips and rapid wol wear duc to

inclficient action of the cutting fiuids. 1o the present decade, with increased coviranmental
awarchess, the rescarchers are striving 1o devclop enviranment friendly machining
technology; onc such technology is to usc cutting ofl with high-pressure. The benefits of
reduction in m-a{:hining temperature are significant reduction in cutting force and feed
force. The benefits of high-pressure coolant are dependent on the process parameters and

the tool geometry.

The role of application of high-pressurc coolant jet on machilnuhilil}f of three
dilferent steels (C-60 steel, 17CiNiMob steel and 42CrMod sleel} by two different
uncaated carbide inserts (SNMG 120408 and SNMM 120408) have becen extensively
wwdied in terms of mechanics and mechanism of chip formation, cutting zone lemperaturc,
patlern and extent of tool wear and its growth w ith machinimng tme along with machined

swrface quality in comparizon 1o dry and wet machining.

xx



A high-prossure coolant j::L' was impinged oi the rake face of the cutting leol
through a specially designed and developed nozele. Application of high-pressurc coolanl
jet showed significant effect on chip formation, cutling zonc temperature and cutling
forces. Expectedly, compared to dry and wet machining, teol wear under high-pressure
coolant machininlg decreased, cspecially under moderate cuting speed-feed combination
through ¢ontrol le cutting zone lemperalure, cutting furces, favorable chip-too! interaction
and retencion of cutting cdge sharpness, SEM studics of the warn out inscrts revealed that
(he notching and grooving, which are very detrimental and may cause premature and
catastrophic failure of the cutting tools; are remarkably reduced by high-pressure caolant
jet. The present high-pressure coolant system increascd tool life by 30% lo 75% when
turning C-60 steel by SNMG insert and 80% to 140% when machining-b}f SNMM insert
The surface quality of the machined surface improved possibly due to lesser damage of the

cutting 100l nose.

In order to implement the high-pressurc coolant machining technology, an
apalvlical model for cutting temperature has been developed. Tt is found that according to
the sclected cutting conditions in the model-based comparisons, the predicted cutling
temperature under high pressure caolant conditions is reduced as high as about [8%

compared with those in dry cutting.
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Chapter-1

Intrbduction

1.1 Lnfroduction

Traditionally, the manufacture of a product ha-d been atiemipted to be done as
quickly with high MRR and {IIEK}'!CHSIWE]}-’ withoul sacrificing guaiy of the product as
possible. Now, more cnvironmental repulations are being pul in place, manufacturers arc
foreed to re-cvaluate their manufacturing processes and reduce or climinate their harmful
and environment poliuting wastc strcams. The waste streams present in machining include

cutting fluid flow, chip flow, and cutling taol usage.

The performance and service life of engincering components depend on their
material, dimensional and form uecuracy and surface quality. The preformed blanks are
finished by machining and grinding to allain the desired accuracy and surface integnity.
The growing demand for higher productivity, product quality and overall ceonomy in
manulacturing by machining and grinding, paricularly to meet the challenzes thrown by
liberalization and global cost competitiveness, insists high material removal rate and high

stabilicy and long life of the cutling toois.

But high production machining and prinding with high cutting speed, feed and
depth of cut is inhercntly associated with generation of large amouint of heat and high
culting temperature at (he cutting zone. Such high culling temperature not ooly reduces

dimensional accuracy and tool life but also impairs the surface integrity of the product.



The areater the cnergy consumpiion, the more seviee are the thermal/frictional conditions,
consequently making the metal cutting process more and more ineflicient in terms ol tool
life. dimensional accuracy and material removal rate. Elevated tool temperatures have
nepative impact on a tool hte. The temperature of the tool plays an important 1ole in the
thermal distortion and the machined part’s dimensional accuracy, as well as in the too] life
in machining. It -also weakens the surface inteprity of the product by inducing tensile
residunl siresses and surface and subsurface micro-cracks in addition 1o rapid oxidation
and corrosion. Tools become sofler and wear more rapidly by abrasion as lemperalures arc
sncreased, and in many cascs constituents of the tool may diffuse into the chip or react
chemicatly with the work piece or culting fluid. So. prime focus for machining operation is

lo reduce the cutling temperature as Tar as possible.

Wilh the advent of carbide tools and other new methods of machining, the
cilicicney of the metal cutting operations has improved to a cerlain extent under nornal
cuiting conditions. Currenlly the high temperature problems are tried to be contrelled by
reducing heat generation and removing heat from the culing zone through aptimum
sclection of machining parameters, proper cutting fluid selection and application. Some
reeent techniques have enabled partial control of the machining temperature by using heat
resistant 100ls like coated carbides, F;CD._, CBN, PCEN cte. However, diamond and CBN

tools arc very expensive and the practices in the industry are still not wide spread.

In industries. the machining temperalure and its detrimental cliects are generably
controlled or reduced to some extent by

i appropriate sclection of

* process parameters, Le. cutting speed. {eed and depth of cut



» cutling tool geometry
i, proper selection of cutting ooly |
Hi.  proper sclection and application of cutting (uids

iv  application of special technigues, if feasible
1.2 Problem in Conventional Cutting Fluid Application

The most common way tu reduce culting temperature is application of water
soluble cutting Nuid from overhead position. Such cutting [luid not enly coals the lool and
jolr but also provides lubrication and handles the chip to clean the cutting zone and protects
the nascent Mnished surface from contamination by the harmful gascs present in the
atmosphere. But the conventional types and methods of application of cutting {lind have
been found to become less effective with the increase in cutting speed and feed when the
cutting fluid cannot properly enter the chip-tool interface (o cool and lubricate due to bulk
plastic contact of the chip with the 1ol rake surface Besides that, olien in high speed
machiming the cutting [Quid may cavse premature failure of the culting too] by fractuning
due to close curling of the chips and thermal shocks. For which appl ication of high cooling
rype walcr base cutting fluids are gencrally avoided in machining stecls by brittic type
cutting tools like carbides and ceramies. The mene serious concern by use of cutting (uid,
particularky oil-based ype is the pollulion of the working environment. The major socio-
cconomic problems that arise due to conventional lype and method of application of

cutting fluids are:

I. inconveniences due to wetting and difincss of the working zonc
ii.  possiblc damage of the machine tool slide ways by corrnsion

s inhalation problem of the operator due to break down of the cutting Muid
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into its constilucnts and }}II‘CIdLIlC:: r:rbnﬂxu}lus and nerve racking gases
iv. biological hazards o the operaters frem baclerial erowih 0 the cutling
fuids like skin nritation, bronchitis cte
v, walcr pollution and s0il contamination when mixcs the Fluid with them and
Yi. requirement of additional systems for I{?cal storage, pumping, [liltration,

recyching. and re-cooling

1.3 Limitations of Conveutional Cutting Fluid Application and
Probable Solutions

Application of conventional cutting Muids offers several important benefits in

machining processes such as:

i, cooling the took and job particularly al their interface

ii.  lubrication of the chip-tool and wark-loo] interfacos
iil.  cleaning of the machining zone by Mushing away the machined chipsidebris

iv. protection of the nascent machincd surface from atmospheric contamination

Though it would appear that generous use of coolant and [ubricants always assist
in controlling the cutting zone temperature, it may not be the case always, especially under
high speed machining as the tool-chip/workpiece contact will be under seizurc condition
and no coolant/lubricant can peretrate into the interfaces. Conventional coolants undergo

film boiling at around 330°C and loase Lheir cooling property [Paul and Chattopadlyay

1995].

The cutting zone in machining is oflen flooded with coolant withoul taking into
account the requirements of the specific process. Scicntific investigalions and industrial

applications have indeed shown that the type of coolant and its supply nfluence the



component qualily and tool life in machining for which coolants and jubricants arc
important technologicat parameters in machining. But in some cases application of culting

fluids is considered undestrable, especially in machining some advanced and cxotic

materials,

Also, coolants and lubricants incur a significant part of the manufacturing cost. A

receni survey indicated that the cost of cutting fluids and the auxiliary cquipments
compromise nearly 7-17% of the total machining costs [Klocke and Eisenblactter 1997].
Compared with the cost ol the cutting toois (2-4%), the cutting fluid cost i= sipnificantly

high, As a resulf, there is a nced to reduce the use of the cutting flutds. Furthermaore,
machining processes often produce small lubricant droplets in the form of mist, smoke and

gases that are harmful to the environment and human health.

During machining eperations, workers could be exposed to cutting fluids by skin

contact and inhalation [Beanctt and Benoett 1987]. Skin contact usvally oceurs in tho

following situations:

i, the worker dircetly touches cutting fuid without any protective equipment
ii.  the worker handles work, machine, and cyuipment thal arc covercd with

cutting Fluid

i, the worker is exposcd to cutting Muid splashes from the machine tool ar

workpiece

Skin exposure to cuiting fluid can causc various skin diseascs [NIOSH 1998]. [n
ceneral, skin contact with straight cutting oils cause {olliculitis, oil acne, and keratoses
while shin xposure 1o soluble, semi-synthetic and synthetic cutting fluid would result in
irritant contact dermatitis and allergic conlact derinatitis.
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Another source of exposuic to cutting [Tuwds is by inhalation of mists or acrosols.
The inhalation exposure will be higher it the worker is close to the machine that s not
cnclosed, iF the metal cutting is operated with high cutli!lg specds and deep cuts, or if
ventilation equipment was not properly selected or maintained. Airborne inhalation
diseascs have been occurring with cutting Muid acrosols eaposed workers for many years.
These diseases include lipid pneumonia, hypersensitivity poeumonitis, asthina, acute

airways irritation. chronic bronchitis, and impaired lung function [NIOSM 1998].

In responsc (o these health effects through skin contact or inhalation, the National
Institute for Occupational Salety and Health (NIOSH) has recommended that the
permissible exposure level (PELY is 0.5 mg/m’ as the metalworking fluid cancentration on

the shop floor [NFOSH 1998, Thornburg and Leith 2000].

Thus frc;ml technological, cconomical and ecological perspectives, as well s
increasinyg leaislatons, efforts are being made 1o reduce or climinate the use of coolanls in
machining. But with the nced for high production machining, the control of culling
temperalure is an important aspeet of modern machining and giinding operations. Dry
machining technalogies and minimum quantity tubrication (MQL) will only be acceptable
condition thal the main tasks of coolants in machining processes can be successiully
replaced The tasks that will have 1o be addressed arc ficat reduction, machined surface
protection, cleaning of the culting zone {Dhar” ¢t al. 2006, Dhar® et al. 2006]. Crvogenic
machining with liquid nitrogen has improved machinability index but cryogenic machining

is costly due to high cost of liquid nitrogen [Dhar? et al. 2002, Dhar” et al. 2002].



1.4 Mauchining with High-Pressure Coolant Jet

The use of conventional coolanis and lubricants in high production machining and

grinding is being reviewed or minimized because af the following concerns:

i. lack of signilicant technological benelits
i, incrcasing cost of storage and disposal of used culling NMuids
iil. potcntizi[ health hazards to worker

iv.  cavironmental pollution due to disposal of used coolants

Strict legislation in mast of e countries has impased stringent conditions on use
and disposal of used metal culting fluids, Under these circumstanees, the used metal
cutting fluid disposal cosls have spirated up. All thesc factors have focused the machining
industries to look for alternative ways and methods of controlling the high cuiling
temperatures. The focus is on effective and cflicient cocling and lubrication with cco-
friendliness us well as cost competitiveness, Under these considerations, the concept of
high-pressure coolant prcs;unls itsell as a possible solution for high speed machining in
achieving slow tool wear whilc maintaining cutting Forces/power at reasonable kevels, iF
the high pressure cooling parameters can be strategically tuned, Mazurkicwicz et al. [1989]
repored that a coolant applicd at the cutting zonc through a high-pressure jet nozzle could
teduce the contact length and coeficicnt of [viction at chip-tool interface and thus could
reduce cutting forces and increase tool life to some extent. High-pressure coolant injection
technique not only provided reduction in cutting {orces and temperature but also reduced
the consumytion of culting fiuid by 30% [Aronson 2004, Wreihim et =l 1992] It has

been reporied that the cooling and lubrication is improved in high speed maclining of



difficult-to-machine materials by “the ‘use of high-pressurized  coolant/lubricant  jct

{Wrethim et al. 1992],

The success of implementing this technology across the melal removal industries
will therefore depend on increased research activities providing credible data or depth
understanding ol high-pressure coolant supplies at the chip-tool mterface and intcgrily of
tnachined cmupnnents: In this regard, the present research work (s carried out to
exaperimentally investigate the role o high-pressure coolant on chip formation mechanisn,
culting temperatuse, cutting [orce, tool wear, dimensional accuracy and surfuce finish in
machinmg different steels at different cuiting speed and feed combinations by uncoated
carbide insert under completely dry and high-prei\surc coolant conditions and to find out

the benelit of high-pressure coolant machining over dry cutling.
1.5 Scope of the Thesis

One af the possible and emerging technologies o overcome the aforesaid
problems associated with conventiopal culling fluid on the shep floor is applcation of
high-pressuie cootant (HPCY in achicving high productivily and produci gualily in high
production machining. Jn a machining operation teol life achieved, metal removal rate
(MRR), component of [orces and power consumption, surface finish generated and surface
integrity of the machined component as well as the shape of the chips can all be used to
measure machinability Keeping in view, the preseni rescarch work has been carried out to
explorc the role of high-pressurc coolant on major machinability characteristics i turning

sice! by uncoated carbide inserts under ditferent machining conditions.

Chapter 1 prosents the general requirements in machining industrics, role of

cutting, tools, techno-environmental and socio-economical problems associated with the
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high cutling temperature and the conventional cooling practice and expected role of high-

pressure coolant, Survey of previous work and objective of the present work aic presented

in Chapter 2 and Chapter 3 respectively.

Chapier 4 dc-ﬂ]s with ljahrication ol high-prcssurﬂ coolant sysiem for the present
wark o caable proper cooling ol the cotting zm-w. Calihralitl:un of tool-work thermocouple
comprising of differcnt materials and ditferent inserts are also presenied in the chapler.
This chapter also presents the procedure and conditions of the machining experiments
carried out and the experimental results on the effects of high-pressure coolant (HPC),
relative to dry machining, on chip morphology, cutting zone temperature, cutting foreces,
cutting tool wear, tool life and surface integrity in turning different sicels under dilferent

cutlirg coditions.

Chapter § provides development of a mathematical model for culling
temperature at the chip-tool interface from the characterization ol the physical processcs
taking place during machining and its vulidauon. Chapter f contains the detailed

discussion on the cxperimental results and possible interprelations on the results obtained.

Finally, a summary of major contributions 15 given in Chapter 7 anel references

and publications are provided at the end.



Chapter-2

“Literature Review

Machinability of materials usually judged mainly in respect of chip mophalogy,
chip-tool inleraction, cutling temperature, cutling for;:e.k., ditnensional accuracy, surface
integrity and wear and life of cutling too] wilh using cutting fluid and without using culting
Muid. Heat generation and Jugh cuting temperature 15 inherent characteristics of muchining
due to shearing of woik material, friction betwcen the flowing chips and rake face of the
tool as well as friction of aulxiliar} Nank with fnished surface. At such clevaled
temperature the cutting tool if nol enough hot hard may loose their formn or stability
quickly or wear out rapidly resulling in increased culting forces, dimensional inaccuracy of
the product and shorter tool life. The magnitude ol this cutting temperature increases,

though in different degree, with the increase of speed, feed and depth of cut, s a resull,
high production machining is constramncd by rise in temperature. This problem inereases

further with the increase in streapth and hardness of the work matcrial,

It appears that the high temperalure in cutting zone is the main problem and hence
methads were tried out over the yems Lo tackie this problem. Application of proper cutting
Muids at times, reduced the above problems to some eatent through cooling and [ubrication
of the culting zone. The commoaly used fluids are neat oil, semi sy nthetic amd synthetic
fluids with or without additives and inorganic salis. The application procedures of these
fluids are generally by {lood cooling, ar in the form of jet or even iist. Ample rescarch has

heen dune in various directions and is still gomg en aiming improvement in overall



machining efficiency through contrelling the aforesaid problems.
2.1  Causcs and Effects of Cutting Temperatuie

I'he high ;:p::a:[ﬂc gnergy required lrla mlaulzhining under high culting specd and
unfavorable condition of machining resuls in very high temperature which reduces the
dimensional accuracy and tooil life by plastic deformation and rapid wear ol the culling
points [Chattopadhyay and Bhattacharya 1968; Chattopadliyay and Chattopadliyay
1982; Siugh et al. 1997}, On the other hand, such high temperaturc impairs the surface
integrity of the machined component by severe plastic Mow of work material, oxidation
and by inducing larpe lensile residual  stresses, surface and  subsurface  cracks

Chattopadhyay and Chatiopadhyay 1982].

The mechanisms of material deformation, frictien and material removal Icad 1o
the initiation of machined compenents, where the temperature of the rake and flank is the
most important factor to afleet the chip formatian, tool wear, culling forces and surface

integrity [Jaspers and Dautzenberg 2002: Aronson 2004]. At elevated temperature il
pressure the culting edee deforms plustically and ‘wears rapidly, which lead ta dimensional

inaccuracy, increased cutting forees and premature 100l fajlure [List ct al. 2003].

Ng et al. [2002] proposed that there is a peak cutting lemperature at an
intermediate cutting speed and when cutting speed is increased from this paint, there 15 a
reduction in temperature, Since this ﬂlaiIm most of the literature has concluded that there is
no correspoading reduction i temperature al higher culting speeds. Converscly, Vernon
and Oze] [2003] slated that the lumit of cutting speed is 2 function of the cutting lools used.
Ekinovic et al. 12005] suggested that temperature is increascd with cutting speed up to
maximum which is equal to the melting point ol the work picce. No temperature reduction
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oceurred at hipgher cutting speeds. Bul there 1s RO fixed limit to the cutting speed when
machining aluminum alloy because the melting poinl of this alloys {up to GH0°C) is lower

than the temperatare at ‘which cemented carbide and ceramic tou] materials begin to lose

their strength and wear rapidly.

Cutting chips becomes Blue in celor due to intensive high wmperate during
machining. With the increase in cutting specd, feed, depth of cul and hardness of the work
material the chips turns to gradual deep blue. Kﬂsal and Ney [1989] suggested (hat in
machining ductile metals, the heat and temperature developed due to plastic deformation
and rubbing of the chips with tool. may cause conlinuous built-up of welded debris which
affects machining operation. Austenitic slinless steels are generally considered dilficult-
{o-machine l:nccrausc al high work-hardening rate, toughness and ductility. Theretore, tanls
will be subjected to high frictional heat, and chips will have a tendency to stick and cauisc
severe buili-up edge formaton. It was observed that. in machining ductile metals,
producing long chips, the chip-too! contact length have a dircet influence on the cutting
temperature and thermo-chemical wear of cutting tools [Jawakir and Luttervelt 1993].
The cutting tenmperalure becomes the maximuont on the rake face of the ool at a certain

distance fiom the cutting edege where cratering Gcours. Such high rake face lemperalure

can also raise the temperalure at the flank of the tool.

komanduri and . Schroeder [1993] reported that machining Inconcl with hot-
pressed ceramic and cubie boron nitride cutting tool produces different types of
lengitudinal chips. Al lower speed {230 in/min} the chips are mechanically continuous
aithough highly coiled. With wnereascd speed {Up to about 91.5 mimin), shear localizalion

is initiatcd. The chips Tormed are comprised of many scgments shremely Joined logether

forming a continuous tight coll. With a further increase in speed, the extent of contact
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belween the segments decreascs. Al about 1525 in/min, short chips with only a fow
sezments joined together are produced, and from this speed onward, the chip segments arc
completely isolated. Pashby ct al. [1993] proposcd that ihe cutting speed at which aciwngc
in chip form occurs varied from tool material lo too] material. Kitagawa ct al. [1997]
conducted experiments with ceramic tool under Mood cooling condition and cencluded that

with increasc in culling speed, serratiens in the chip become obvious and the chip

thickness decrcascs.,

Vleugels [1995] observed that the contact length hetween the tool and chip has a
direct influence on the cuiting temperatures and the amount of heat encrgy that 1s
dissipated in the tool which enhances thermally activated chemical wear. Toropov and Ko
[2003] also reported }:hal, i1 machining ductilc metals, the chip contact length plays
siznificant role on the chip and tool temperature which becoines maximum almast at the

centre of the chip-tool contact surlace where crater wear begins and grooves intcasively.

Generally, shear angle decreases with increase in cuiling speed and a high shear
angle improves the machinability of stecl. Masatoshi Hirao ¢t al. [1996] concluded that
molybdenum and vanadium mixed nitriding steel produces long cutting chips at low
cutting speed but the cutting ool is somctimes broken by long continuuus chips which
affects shear angle. 13uan and Wang [2005] suggested that an increase of work material
hardness increascs I{-hc shear angle, the tcmpemiprc and the vield sirength but reduces the
average stress ratio on the primary deformation zone. Suiter [2005] reporied that
continuous chip lorms durning mach e material having good thermal propery and low
hardness, whereas ribbon {ike ciup or a scgmental {or shear lacalized) chip forms during

miachining material having poor thermal praperty aned high hardness.



Straltord and Audf; [lﬂllﬁrim-'csiigumd the relationship belween hardness and
machining forces during turning of AlSI 4340 steel wilh mixed alumina tools. The resulls
suegest that an increase in hardness leads ta an increase i the machining forces. Teool
peometry (s anolher important factor alfecting machining farces, especially the feed (axial}
anel thrust {radial} force components | Thiele and Melhote 1999). The use of large nose
radius mgulhcr with low depths of cut leads to low true side cutting edge angle values, thus
resulting in high thrust forces [Muller and Blumbke 2001]. Liu et af. [2002] obscrved that
the culting temperature is optimum when the work piece malerial hardness is HRC 30.
With further increase in the work plece hardness, the cutting temperature shows a

descending tendeney  Liu ot al. [2002] also supgests that. under different cutting

parameters, the role of cutling force changes with work piece hardness. The main cutting

farce features an increasing tendency with the increase of the work picee hardness.

According to Trent [1983], the cutting tool gencrally undergoes both flank wear
and crater wear during mactuning. Flank wear gencrally causes an ingrease n the cutting
forces, dimensional inaccuracy and vibration. Cralcr wear takes place on the rake face of
the ool where the chip slides over the ool surface. Reed and Clark [1983] reperled that
the hardness, plastic modulus and the fraclure toughness of the tool decline with increasc
in cutting iemperature, which accelerates 1ol wear ratc. Moreover, Lhermal siresses in the
tool increase wilh the temperature resulting in more cracks tht-z ool and premature

faiture of the toot. The amount of energy dissipated through the rake face of the 100l raiscs

the 1emperature at the fMlanks of the tool [Wu and Matsumoto 199}]. Wang et al. [1994]
reported that the normal turning chips often have considerable strength and causc crater
wear, crack development or other kinds of surface damage on the rake face of the tool.
Liac and Shiue [1996] reported that built-up edge (DUE) is formed with chipping of the
cutting edge during machinng Inconel with carbide. They also observed Ni and I
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diffusion imo the culting tool. This diflusion of the work clements into the cutling ool

may be eaplained by the very high cutting temperature during the cxperiments.

Kitagawa ct al. [1997] investigated tool wear and cutling tool temperature by
means of turning experiment in the presence of 10% water buse coolant, Temperatuns rose
monotonical l}f,l up to about 1200" C, wult increasing cutting speed. They conlirmed 1hat
nolch wear VAV were the major 1ypes of wear observed. Jowover taking inlo account the
decreasing of notch wear at higher cutting specd, they cstimated that tho wear
characteristics observed cannot be cxelaimed by temperature alone and the woar is rather

developed by an abrasive process than a thermally activaicd adhesion mechanism.

Rahman et al. [1997] investigated the machinabitity index of Inconel 718
subjceted to various machining parameters including tool geometry, cuiting speed and feed
rate on flank wear of (he coaled carbide inserts, work piece surface roughness and cutling
force components as the performance indicators [or tool life. They obscrved Lhat tool life
increases willi the increase in side cutting edge angle for the inscrts and the heat generated
during the culting process s distributed over a grealer lenpth of culting edge. This
improves the heat removal from the cutting edge, distribules the cutting forces over a

larger portion of the cuding edge, reduces tpol notching and subslantially improves tool

lifi.

Mosl of the major parameters including the choice of tool and coating matcrials,
too] peometry, machining method, cutting speed, feed rate, depth of cut, fubrication, must
he controlled in order to achicve adequate tool lives and surface integrity of the machined
surface [Fzugwu and Tang 1995]. A crater is usvally {onned at some distance from the

cutting cdge and it is most frequently abserved when cutting steels and other high-melting-



point metals at relatively high cutling speeds [Choudhury and Appa Rae 19949]. This

crater aradually becomes decper with time and may lead to the breakage of the cutling

cdge, rendering the tool useless.

Luo et al, [1999] reported that when turging AISI 4340 steel using mixed alumina
and PCBN tools the fank wear is reduced as work 111:I11cr-iai harldncss Encrclﬂscd up 1o a
critical value. A further increase in the work piece hardness accelerates the tood wear rate.,
The rcduction in tnullwear up 10 critical s attribuied to the elevation of the cutting
temperature, which reduces the shcar strength of the work malerial; however, this cffect is
nol observed when the hardness exceeded criticlal value, The material transfer Jeads to the
formation of a crater on the too! rake face and consequently reduces the {ool mechanical
resistance and its efficiency Duffusion phenomena were first reported by Molinar and
Nouari [2000] who showed that al conveniional speed, tool wear is mainly duc to abrasion

and adhesion, but is dominated by diflusion process at higher speeds

Severe Flank wear and notching at the tool nose andfor the depth of cut line are
the dominant failurc modes when machining nickel-based alloys with carbide Lools
[Kzugwu and Wang 1986; Wang cf al. 199G; Kaminski and Alvelid 2000]. The
recommended cutli-ng speeds range is from 10 to 30 me“n;in when machining nickel-bused
allays with cemented carbide wols [Fang 2002 . Cemented carbide tools cannot be used 1o
machine nickel-based alloys at high speed since they cannol withstand the conditions of
extreme high temperature and stress in the cutling Zone. Rapid increase in nolching oceurs
on carbide tools at higher cutting speed. This usually leads (o the premature [racture of the
entire msert edge [Ezugwu and Boaney 2004]. ¢ lank wear generally causes an increase in
ihe cutting force and Lhe interfacial temperaturd, leading normally to dimensional

inaccursey in the wurk picces machined and o vibration which makes the cutling
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operation less cflicienl [Bouzid et al. 2004].

High produciion and finish machining and grinding are inherently associated with
generation of intcnse heat and cutting temperature at the cutting zone, Such high cutting
lemperalre nol only In:duccs 100t life but also impairs the surface in-u':gri ty ol the job. The
probicnis beeome more acute when the materjals are hard and tough and the hinished

praduets are used in dynamic loading conditions, Such problems arising out of high culling

temperaturcs are tried to be controlled or reduced to some extent by.

i, application of conventional cutting fluid

ii.  using heat and wear resistance cutting tool materials

ii. application of liquid nitrogen (cryogenic machining}

iv. a]'lrp] ication of minimum quantity Jubrication (MQI. machining)

v,  application af high-pressure caolant (T1PC machining)

Usually watcr soluble ceonventional culling fluid 15 applied te control such
elevated cutting temperature but it is ineflective in high speed machining and also is a
major source of environmenial potlution in the machining il‘tdl.lSFl‘ll(:b. Research has also
heen initrated on control such pollution by ncat and clean machining like Cryogenic
cooling, MQL cooling and high-pressure coolant (HPC) machining and their technological
cllfects particularly in temporature intensive machining and prinding. A bricl review of

some of the intcresting and important contributions in the closely rclated areas is presented

in this section.



2.2 Controlling of Cutting Temperature

The application of conventiona) culling fluid during machining is believed to
reduce this cutting temperature cither by removing heat as caolant or by reducing the heat
generation as a lubricant and incn:lase Lol Jife. But 1t has been experienced that lubrication
is cffoctive at low cutting velocities when it is accomplished by difTusion through the
waorkpicce and by forming solid boundary layers from ihe extreme pressure additives, but
at high cutting veiocitics no sulficlent lubrication effect is cvident [Cassin and

Boothroved 1963; Sokovie and Mijanovie 2001}

Generally, suitable cutting fluid is employed to reduce cutting temperature
through cooling and lubrication at the cutting zonc. The ¢utling fluids are believed 1o
reduce curting lemperature either by removing heat as a coodlunl or reducing the heat
peneration as a lubricant, 1o addition, the cutting fluid has o practical [unction as @ chip-
handling medium [Beaubien and Cittanco 1964]. Bul wt has been reporied that
lubrication is effective at low speeds when it is accomplished by diffusion through the
work picee and by forming selid boundary Taycrs from the cxireme pressure additives, but
at high speeds no sulficient Jubrication effect is cvident [Cassin and Boothroyed 1965).
The primary function of cutting fluids is (o reduce Lhis cutting temperature and inGrease
tool life [Shigeki et al. 1993]. The ineflcetiveness ol lubrication of the culting fluid at high
speed machining is attr[ll':utcd (o the inability of the cutting fluid to reach the actual cutting

zone and paricularly at the chip-fool interface due to bulk or plastic contact at high cutting

speed [Dhae® et al. 20025 Dhar” et al, 2002].

The effect of the heat generatcd at the primary shear zone is loss significant for its

lesscr intensity and distance from the rake surlace However, the heat generated at the
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chip-tool interface is of much greater sipnificance, particularly under high cutting specd
conditions where the heat source is a thin How-zone seized 1o the tool [Trent 1983, 1984,
1991]. The coofant cannot act directly on this th[n zone but only externally cools the chip,
work picce and the tool, which arc acccssible 1o the coolant. Memoval of heat by
conduction through the chip and the work picee is likely to have relatively hitle effect on
the temperature at the chip-teol and wark-tq-:ml interface. The cooling and lubricating
affecls by cutting [uid infuence cach other and diminish with incrcase in cutting speed
[Kitagawa et al, 1997). Since the cutling Tluid does not enter io the chip-toel interface

during high speed machining, the cutting fuid action is limited to bulk heat removal only.

A culting Nuid may impact two mote actions, namely the mechanical suength
reducing action and the cleetro-chemical actjon,The mechanical strength reducing action
ccemed 10 be negligible when sicel jobs are machined at moderate culting speeds with
carbide taols [Kurimote and Barroe 1982, The influence of the clectric current flowing
through the cutling 7onc on the rate of tool wear is also well known {Sadik and
Lindstro™tn 1993]. Mowever, most commercial cutting Muids are non clectro-conductive,
and as sucll the situation with respect to current {low is not vary significantly from the dry

cutting casc. The elecirochemical action is treated as a corroston phenomenon n respeet of

too] wear.

However, the application of abundant cutting fuid, increases the culting proccas
costs and in hardened steel cutting, does not allow the wonk piece sollen, which is good [or
the process [Novaski and Do'rr 1999], Ekinovic et al. {2002] suggested that, the use of
abundant cutting tluid (wet condition) has the advanlages of providing chip transportitian,
reducing friction and cooling the work picce. For example if cutting {iuid is not used in

machining of both aluminum alloys and solt steels, the wear caused by atirition (s
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unaceeprable.

Seah et a-l. [1995] alsu reported that at “the first stage of machining (first 40
seconds or so), ool wear 15 Taster in wet cutting than in dry cutting, Lalcr on. the wear rate
¢ stabilized and is samewhat the same for both dry and wet cutting. Minimum volume of
oil technigque may represent a compromise between the wlvantages and disadvantages of
completely dry cutting and culting with abundant soluble oil 1Hui'sc] ct al. 1994; Hcisel cf
al. 1998, The applicalion of culling fluid may not always reduce the culting lool wear as
is commonly belicved. Rather some conditions 1ike machining stecis by carbide tools, the
use of coolant may increase toal wear. Jt has also been expericnced that there was more
Lool wear when cutting witlt coolant than cutting dey in case of machining ALSH 1060 and

AISI 4340 stecks by carbide cutling tool [Dhar® et al. 2002; Dhar’ et al, 2602].

The application of culting fluid may not always reduce the culling tool wear as is
commanly belicved, Rather some conditions like machining steels by carbide 100ls, the use
of coolant may increase tou] wear, Tt has been experienced [Shaw et al, 1951] that there
wis more toal wear when cutting with coolant than cutting dry in casc ol machining AlSL
1020 and AIST 4340 steels by M-2 high speed steel cutting tool, The high cutting
temperature is controlled by profuse cooling [Kurimoto and Darroe 1982; Wrethim el
al. 1992; Alaxender ef al. 1998]. But such profuse cooling with conventional culting
fuids is not able to solve these problems fully even when employed in the form of jel or
mist. Cutting Muids also help in machining of ductile materials by reducing or preventing
farmation of a built-up edge (BUE), which degrades the surface fimsh (Kaminski and

Alvelid 2000).
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During machining, the cutbing ool agenerally undergoes [Trent 1983] haoth Mank
wear and crater wear. Flank wear gencrally causes an increase in the culting forees,
dimensiona) inaccuracy and vibration. Crater wear takes place on the rake face of the tool
whare the chip slides over the (ool swrface, Another experimental nveslipation was
conducted [Cw;i:ns el al. 1995] on single point boring, T|:'|.IS- wils aimed o study the role
of cutting (uid, too! and WDI.'R[]IELL material, ool g_cnmeiw and cutting conditions on
machinability. The results in_dicatcd that the cutting fluid conditions had no signilicant

elTeet on surace texture, forces and buill-up edge. Since boring is o high-speed operation
and lubrication is ineftective, no cliect was scen on the forces, 1 lowever, the cutting fiuid

was found to have a significant effect on surface integrity.

Proper selection and application of cutling fluid gencrally improves tool life. At
low cutting speed almost four times longer too] lifc was obtaincd by such cutting fluid

[Satoshi et al. 1997]. But surface [inish did not improve significantly.

Manufacturing by machming constitutes major industrial activities in global
perspective. Like other manulacturing activitics, macluning also leads 10 environmental
pollution [Ding and Hoeng 1998; Hong ct al. 1999] mainly because of usc of culting
fluids. These fluids often eontain sulphur, phosphorus, chlering or other extreme-pressure
additives to improve the lubricating performance. These chemicals present healih hasards.

Furtheemore, the cost of treating the wasle liquid is high and the treatment el is a source

of air pollution. The major problems that arise due to use of cutting fluids arc [Aronson

1995].

i environmental pollution due Lo breakdown of the cutting fluids into harmiul

pases at high cutting temperaturc,



ii. biclogical hazard-s 1-0 the upcrﬂi:ﬁrsl from the bactulrial grawth Eﬁ the cutling
iluids

hil. :e;quin:mcnts. ol addivonal systems for pumping, local storage, filtration,
ICMPOTary recy clil_lg, caoaling and large space rcquiren]unt

iv. disposal of the spent cutting fuids whichl alsa offer high risk of walcr

pallution and soil contamination

Since beginning of twentieth century people [Peter ot al.1996; Welter 1978;
Kennedy 1989 and Thony et al. 1975] were concerned with possible harmiu cficets of

various cutting fluid application.

It has boen estimated that about one mitlion workers are exposed (o cutling fluids
i the United States alonc |Bennett 1983]. Since culting fluids arc complex in
composition, they may be more loxic than their conslituents and may be irritant or
allergenic. Also, both bacteria and fungi can elfectively colonize the cutting fuids and
serve as source of microbial toxins. Hence signilicant nepative effects, in terms of
enviranmental; health, and safcly consequences, are associated with the use of cutling
fluids. The effeets of exposure ta the Nuids on health have been studicd for over 50 yuars;
beginning with the concern that cutting fluid {el} is a pé:tentinl eticlopic facter for
accupational shin cancer. The inteenational Agency [or Rescarch on Cancer has concluded
that there is sufficicnt evidence that mineral vils used in the workplace arc carcinogenic
[Peter et al. 1996]). Basically, workers are cxpascd o metal cutting {luids via three roules

tike skin exposure, acrial exposure and ingestion [Dennett and Benncett 1985].

Skin exposure 1s the domtipant route of exposure, and 1l (s believed that about B0

percent of all occupational diseases are caused by skin contact with fluids [Beanett aml
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Bennett 1985]. Cutting fluids arc imporant causes Dfl occupational contact dermatitis,
which may involve cither irrdtant or alleroic mechanisms, Water mixed Nuids gencrally
determune irrilant contact dermatitis and alleroic contact dermatitis when they are in touch
with workers skin. Non-water-miscible fuids usually cause skin disorders such as

folliculitis, oil acne, keratoses and carcinomas.

lows Waoste Reduction Cenire [1996] reported that besides potential skin and eyc
gontact, inhalation is also a way to occupalional exposurc. Misls are acrosols comprised of
liquid particles (<20 pm). During machining process, a considerable amount of heat s
pererated for which the cutting (luid may attain a temperature su Mficiently higher than the
saturation temparature, The vapour is preduced at lhe solid-liquid intertace as a result of
boiling. Vapour may bc gencrated also at the liquid-air interface when the [luid vapour
pressure is less than the saturation pressure, namely as evaporation phenomeni. Yapour
gencrated then may condensc to form mist. The potential health elfects of exposurc 10
cutting [luid misis have been the subjects of ¢pidemiclagical studics in the automotive
industy The mist droplets can cause throat, pancreas, rectun, and prostate cancers, as
well as breathing problems and respiratory illnesses. One acute effcet abserved is mild and

reversible narrowing of airways during exposure o cutting 1luid mist [Kennedy 1989].

Growing demand for high MRR i machining neeessilated much increase in
cuiting speed, which eventually required the efficicacy of cooling to be increased in order
1o cope with the increase in the cuiL?ng temperature. On the other hand, legislation in many
countries is restricting much usc of coolants, because ol envirommental issucs. There are
limits on the amount of coolant mist, and some coolants and coclant-coated chips have
been {reated as toxic materials, Qutside the plant, the rising cost of chip disposal and the

potential secondary effects of coolant venicd to the almosphgre are now concerns
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[Aronsen 1995] In some applications the consumption of cutting Auids has been reduced
drastically by using mist lubrication. However, mist in the industrial environment can have
a serious respiratory effect on the operator [Kcnﬁéd}f 1989]. Consequently, high standards
are being set 1o minimize this clfect. Use of cutting Muids will become more eXpensive as

these standards arc implemens d leaving no alternative bur 1o consider environmentally

[riendly manufacturing.

The machining temperature can be reduced to some extent by improving the

machinability characteristics of the work material metallurgically, optimizing the tool
geometry and by proper selection ol the process paramelers [Muraka et al. 1979
Juwwalir 1988]. But for higher productivity in manulacturing by machining to meet the

glubal cost competitivencss, insists high material removal rate as well as high proccss

parameters,”

With the advent of some modern machining process and harder malcrials and for
demand for precision machining, the control of machining temperature by more clfeciive
and efficicnt cooling has hecome extremely essential. Some recent techniques have
enabled partial control of the machining temperature and eliminated pollution by using
heat resistance tools like coated carbides, CBN. ete under dry condition. The thermal
deterioration of Lhe cutting tools can be reduced by using CBN tools |Narutaki and
Vamane 1979]. If properly manufactured, selected and used, CBN tool provides much less
cutting forces. temperature and hence less tensile residual stresses [Davies et al. 1996}
However, CIN tools are very cxpensive Recent studies have reperied that CAN tools can
be used for machining high temperature super alloys, especially titanium alloys, at higlier
cutting speeds despite the high reactivity of titanium-alloys with the tool materials in

addition 1o their relatively high cost [Hong et al, 2001). Owing to their high hardness and



high melting point, CBN tools can withsiand the heal and pressure developed during
cutting without compromising surface inepriny of the machined component because of

their ability to maintain a shnr}: cutling edge for fonger periads [Fzugwn 2004].

Farook et al. [1998] modified the contact curface of turning inserts by deposition
of a soft bearing material by EDM, Although (he modified inserts offcred reduced cutting
force, their benelicial effect on sutrface finish was marginal. At higher cutling velocitics,
the brought an layers are fast depleted with cutling time and do not contribute 10 wear
resistance of the tool, especially at the flanks. The machining of hardcned steel is usually
done using dry cutting, bocausc the increase of the temperature makes chip deformation
and shearing of the hardencd material casicr. Nevertheless high tomperatures causc an
inconvenience such as work piEE;C dilation, which affects dimensional and geometric
accuracy and runs the risk of surfuec integrity damage, On the other hand, the complete
absence of lubrication havins ship {ransportation and causes INCRCAsCs of 1ool-chip and

tani-work piece friction, which generate the increase of abrasive wear and alirition

|Novaski and Dirr 1999].

Thoors and Chandiasckaran [£994] abserved that CO» snow could function as 2
goad coolant under cerfain CirCUMSLANCES, which are very much related to the taol-work
combination and the actual mode of feeding the coolant to the cutling zone. Machining
teniperature can be contralled by the use of CO; snow as the coolanl in machining
[Chandrasckaran et al. 1998]. This is feasible if COz in liguid form under pressurc of 60
bar is fed to the cutting zone and diffuscd through a capillary jet. This results in a ehange
of state and the formation of CO; snow (cndothermic reaction resulting in a temperature of

-76°Cy. But under intense [emperaturs €0 produces harmiul €O gas.
it



Recentiy the process of cryogenic turning has been investigated | Bhattacharya et
al.1972]. The forces and cuiling cnergy reportedly  decreased  when  machincd
eryogenically compared to those with dry machining. Significant improvement in surface
finish and other surface properties were noticed and such benc ficial atTects were atiributed

(w low temperaturc and controlled tool wear. It has been furher reported [Uhera and
Kumagai 1968; Ubera and Kumagai 1969; Fillippi and Ippolito 1970] that cryepenic
machining with lwquid nitrogen resulted in relatively lesser cutting forces, longer ool life

and bemer surface conditions.

Cryngenic machining with liquid nitrogen has improved machinability of steel to
a cerlain extent under normal cutting conditions |[Faul and Chatiopadhyay 1993].
Chilling the cutting taol by liquid nitrogen jets cnhances tool hardness and lifc,
dimensional accuracy and improves surface roughness. Cooling the chip makes it britile
and aids removal. Because nitrogen is an abundant atmospheric constituent and the
quanlitics used are small, theie is no unfuvorable cavirormental or heaith impact nor arc
coolant disposal cost and the chips readily reeycled. [Paul et al, 2000; Paul et al. 2001;
Dhar* et al. 2002; Dimr" et al. 2002]. Their resufts indicate substantial benefit of
eryopenic cooling on uﬁlting force, tool lie, dimensional accuracy and surlace roughncss

due to mainky reduction of culling zone lemperature and Tavorable changes in the chip-lool

interaction.

Dhar” and Kamruzzﬂnmh [2005] investigale the role of cryogenic cooling by
liquid nitrogen jet on chip formation, grinding zone temperature and surface roughness in
grinding alloy steels. Their experimental resubls indicate sienificant reduction in grinding
temperature on application of cryogen, which enables favorable chip formation. Though

cryogenic grinding provides retatively more surface roughness for less plastic deformation
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and rubbing, shearing and fracturing modes of ehip formation and retention of the grt's

sharpness, it provides cnvironmend  ricndlingss and  improves  the  grindability

characteristics.

It has also been rcpartedlthm the machining {;f sieel ‘v;-’lth liquid nitrogen improves
the machinability index in respeet of lowcring cutting force as well as enerpy consumption
due 1o decrease in chip reduction coefficient, increasing tool lifz by retaining sharpness of
the cutting toal for a Jung time preventing formation of built up edge, increase product
quality by decreasing surface roughness and thermal stress [Dhar" ¢ al. 2002; Dhar® and
Kamruzzaman 2005; Dhar et al. 2006; Dhar and Kamrnzzaman 2007] but cryogenic
machining is costly due to high cosi of liyuid nitrogen. Also accelerated notel wear en the

principal Mank ol the carbide inscrt was observed at nitrogen rich atmosphere of cryogenic

machining.

Minimal quantity {ubrication (MQL) is a rccent technique introduced  in
machining 10 obtain safe, cnvirommental and cconomic benelits, reducing the use of
coolant lubricant fluids in metal cutting, Machado and Wallbank [1997] conducted
expetiments on turning mediuin carbon steel Lising a Venluri to mix compressed air with
small quantitics of liquid lubricant, water or soluble oil with a mean (low rate of 3 and 5
mlfmin. The mixture was directed onto the rake face of a carbide tool against the chip flaw
direction, The application of @ misdure of air and soluble oil was able to reduce the
consuinption of cutting (uid, bul i; promoled o mist in the environment with problems of

odors, bacteria and fungi growth of the overhcad Mooding systen.

Altanasio et al. [2004] reported that when MQL is applied Lo the tool rake, Lol

life is gencrally no different from dry conditions, but MQL. applicd ta the tool flank can
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nercase tool life. Lubricating the Mank surface of a tip by the MQL technigue reduces the

100l wear and increases the ool life, Traces of lubricant compounds have been found on

the worn surfaces only when MQL. has been applicd on the flank surface.

Dhar ct al. [2006] investigated the influence ol near dry lubrication on cutling
tcmperature, chip formation and dimensional accuracy when turning AlSI 1040 steel. The
lubricant was supplied at r;a{} ml/hr through an exiernal nozzle in a flow of compressed air
(7 bar). Based on the machining tesis, the authors found that near dry lubrication resuited
in Jower curting temperatures compared with dry and flood cooling. The dimensional
accuracy under near dry lubrication presented a notabie benefit of controlling the increasc
of the workpiece diameter when the machining time elapscd where tool wear was

abserved. Dimensional accuracy was improved with the usc of near dry lubrication duc 1o

the diminution ol teol wear and damage.

Dhar et al. [2005], Dhar® ¢t al. [2006] and Dhar ct af. [2007] also suggested that
MQL reduced the cutliﬁg temperature; such reduction has been more clfective for those
lﬂu1-wnr]; combinations and cutting conditions, which provided higher value of chip
reduction coefficlent, & [or adverse chip-lool interaction causing large friction and built-up
edge formation at the chip-tool ‘aterface. Favorable change in the chip-tool interaction and
retention of cutting edge sharpness duc to reduction of cutting zone temperature scemed to
he the main reason behind reduction of cuttinlg forces by the MQL. Dimensional accuracy
alsn substantialiy unproved mainly due to sighificant reduction of wear and damage at the
tool tip by the application of MQL. Though MQL gives some advantages during the

turming operation, it presenis some lumits due to the difficulty of lubricant rcaching the

cutting surface.



Pollution fiee manuficlurng is increasingly gaining interest due fo recent
development of pqllut]on-prcvcniinn Jegislation, European initiatives on product Lake-back
o recyeling, which alfect many exporl industrics in the US, and a growing consumecr,
demand for green products and production proccusis. Concemn for the eavironiment, health

and saftty of the operators, as well as the requirements Lo enforce Lhe cnvironmental
protection laws and occupational safety and health regulations are compelling the industry

to consider a high-pressure coolant (HPC) machining process as one of the viable

alternative instead of using conventional cutting fluids.

2.3 Bigh-Pressure Coolant (HPC) Machining

Machining of alloyvs al high specd conditions can be achicved by & cambination of
the appropriate {oel material, machining technique and the chowe of a suitable cooling
technology. High pressure coolant {(HPC) assisted cooling is one of the preferred
technologies, currently, under exploitation cspecially in the acrospace und power plant
industries for machining exotic materials. The credibility of high-pressure coolant (HIPC)
assisted machining had been thoroughly investigated over the years [Mazurkiewice cf al.
- 1989; Ezugwu et al. 1990; Machado and Wallbank 1994; Kovacevic 1994; Lizugwn ¢t
al. 2005]. The system not only provides adequate cooling at the lool-workpiece interface
bul also provides an effective removal (flushing) of chips form the cutting arca. The

coolant jet under such high pressure is capable of creating a hydraulic wedge between the
tool and workpiece, penetrating the interface deeply with a speed caeceding that necessary

even for very high speed machining, This phenomenon also changes the chip flow
condition [Kevacevic et al. 1995]. The penetration of the high-energy jeot at the tool-chip
interface reduces the temperature gradient and minimizes the seizure effect, offering an

adequate lubrication at the wol-chip mterface with a sienificant reduction in friction.

U



Excellent chip breakability has been reported when machining difficult-to-cut
materials with iiigh-pl‘ﬁ.‘isul‘t coolant supply [Wértuhim et al. 1992; Crafoord ct al. 1999;
Nabhani 2001]. This is attributed to a coolant wedge, which forms between the chip and
toel forcing the chip to bend upwards giving it a desirable up curl required for

segmentation. There 1s a drastic reduction in the culting forces required to remove matcridl

fram the work piece with the application of high-pressurc conlantjc-t'.

Nagpal and Sharma [1973] proposed that tool-chip interface temperature initially
decreases with an increase it |et pressure, up to critical pressure, above which it risc 0 a

relatively constant value for pressures in excess of the critical pressure.

Mazurkiewicz et al. [1989] reporied that a coolant applied at the cutting vonc
through a high-pressure jet nozzle can reduce the contact lenpth and coefficient of friction
at chip-loo! interface and thus can reduce culting forces and increase tool life to some
exient. in machining ductile metals even with cuting fuid. the increase _'m cutting speed
reduces the ductility of the work material and causes production of long continuous chips,

which raises the cutting temperature further [Nedess and Hintze 1989].

Kovacevie et al. [1995] supgested that the application ol high-pressure waler jet
{hrough the tool rake face, friction is reduced at the tool-chip interface due to formation of

a cushion layer, which prevents inlimate contact at the tpol-chip interface, consequently
leading 1o bending and sclf-breakage of chips. Whereas in the case of high-pressure water
jet through an eaternal nozzle, tool-chip contact arca is reduced due 1o the breakage of the
chip by the impinging jet. The enhance effectiveness of the coalanl/lubrication by applying
the cutting Tluid at high pressurcs i the form of a narrow jet, leads to & reduction in the

quantity of the cutting Nuid being vsed, reducing the amount of disposal which is a
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primary concern of Environmental Protection Authoilics.

Cozzens ¢t al. [1995] conducled an experimental investigation on single point
boring aiming to study the role of cutting Muid, toof and workpiece material, lool geomelry
and cutting conditions on machinability. The results indicated that the cutting {luid
conditions have no significant effect on surface lexture, forees and built-up edge. Since
boring is 4 high-speed operation and Jubrication is incflective, no eflct was scon on the
forces. However, the cutting tiuid was found to have a sigmuficant eftect on surface

integrity.

Ezugwuy el al. [1990f Observed that coolant supply at high-pressure tends to lilt
up the chip after passing througi the deformation zone resulting to a reduction in the tool-
chip contact tength/arca, Chip scgmentuiiaj‘m is considerably cnhanced, as the chip curl
rading is reduced éignilﬁcantl}f, due to targeted maximum coolant pressurc/ioree on 1o the
chip which aids the chip shearing process and consequently lowering cutting forees.
Coolant is one of the must fiuential factors affecting tool performance when machining
nickel-based alloys [Fzugwu ct ab 1990; Khamsehzdch 1991]. The use of a high-
pressurc coolant supply when machining nickel-based (Inconel 9017} superalloy with
cemented carbide loals gives higher toal lives than when machining with the conventional
caolant supply [Ezugwn ct ak. 1990]. The use of a high-pressurc coolant supply results in
a significant reduction in the tool-chip contact lenigth, and hence in the conlact area, whiu:;h

in turn decreases the compressive stress at the tool edge with little change in the cutling

forces. This prevents the formation ol notehing, thus leading to a higher toal life.

Proper sclection and applicalion of culting fluid geaerally improves tool life. Al

low cutting speed almost four times longer tool life is obtained by proper cutting fluid



[Satoshi et al. 1997] However, surface finish docs not HNpProve i gnificantly, Wearing of
culting tools not only causes loss of the cutting edges or tips of the inscrls but lass of the
entire insert alter wear of all the corners. 1t was reported that cootant injection offcrs better
cutting performance in tctms ql" surface Iﬁnish, toel force and tool wear when compared to
flood cooling [Alaxender et al. 1998]. The chip cur] radius also depends on the coolant
pressure and the llow rate, Thercfore at a given power, smaller chip curl radius can be
achieved at a lower coolant prcsﬁuru with a high coolant flow rate [Crafoord et al. 1999].
From an environmenlal perspective, therefore, the significant waste is not the portion of
the tool wom away by the tool-work conlact, but the remaining portion of the toal that s
disposed afler its useful life [Arunachalam and Mannan 2000]. Cutting tools operale
within a safety temperature zone with minimal 100l wear when machining at the critical

coolant pressure as (hermal stresses are kept to a minimum, thereby prolonging Lool life

[Ezugwu and Bonney 2003].

Fzugwu and Bonpey [2004] reported that machining Inconcl-718 with coated
carbide inserts under high-pressurc coolant supplics improve tool life by up to 7 folds,
especially at high speed conditions. Took lile tends to inprove wilh increasing coolant
presswe. There is also evidence that once a critical pressure has been reached any lurther
increase, in coolant pressure may only result (o a marginal increase in tool life. Lower
culling [orces are recorded witl increasing coolant supply pressure when machining
Inconel-718 with SiC whisker rlcmﬁ:rr;cd lumina ceramic too! [Ezugwu ct al. 2005} The

reduction in cutting forces obscrved is also partly due to the chip sepmeniation wlen

machining with high-pressure coolant supplics.

Chip segmentation is another advantape of employing the high-pressurc cooling

technique. Because the tool conact time is shorer, the ool is less susceptible 1o
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dissalution wear causcd by chemical reaction with newly pencrated chips {Dhar® et al.
2006]. A more recent study of the cfeet of high-pressurc coolant flow in turning of alloy
steel with carbide tools reported a 2.5 times increase in tool life than when machining with
conventional coolant flow [Dhar et al. 2007]. Studics have shuv.;n ihat i; is possibl: to
increase cutling speed by over 67 and 150% when machining alloy stee]l with carbides
under high coolant pressure’of 7¢ bar, compared to conventional coolant supply [Dhar

and Kamrazzaman 2008].

2.4 Summary of the Review

A

A review of ihc literature on machinability of different commercial steels
highlights the immense potential of thc control :-)f machining lemperaiere and s
detrimental cffects. Tt is realized that the machining terperaturc has a criticat infuence on
chip formation, cutting forces, (ool wear and (ool life. All these responses are very
imporant in deciding the overall p{:rﬁ]rﬁanuc of the tool. The conventional cutting fuds
are nol that cffective in high speed machining particularly in continuous cutting of
materials Fikes steels. Further the conventional cutting {luids arc net envimnmcné friendly.
Cryopenic machining can  improve  the machinability index as well as provide
environmental fricndliness machining but cryogenic machining is costly due to high cost
of liquid nitrogen. Application of minimum guantity lubricant (MQL) jet not only can
reduce cutting Fluid requirement but also substantial technological henefils has been
observed in machining different steels by ditferent inscrts. Though MQL gives some
advantapes during the wiening operation, it prescnts some limits due to the difficulty of

tubricant 1caching the cutting surface.

From all these investigations. it is evident that applying cuiting fuid in the form
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of a jet al higher pressure into the cutting zong is more beneficial than conventional
cooling techniques. In general, loww j.’]-l‘Gh:S.Ul‘E the curt-ing fluids is not capable ol penetrating
decp enough into the lUDl-Chi}:} inlerface to dissipatc heat a:s quickly as possible from the
appropriate regions in the cutting zone. Further, all thesc investipations are limited 10
stationary single cdge cutting tool operations. Mowever there is a great need 1o improve
machining performance by improving cooling methods in the case of turning, drilling and

milling especialky while machining difficult to machine matcrials.

JHigh-pressure coolant (HPC) jet coaling is a promising technology it high specd
machining, which economically addresses the current processes, environmental and health
concerns. In this unique process cutting oil i impinged through a nozzle preciscly at the
narrow cutting zone, The success of implementing this technology across the metal
removal industrics is thereforc depend on increased research activities providing credible
daia for in depih undersianding of high-pressure coolant supplies at the chip-toal intgrlace
and integrity of machined compouents. The growing demands for high MRR, precision
and effective machining of cxotic materials is restrained maindy by the high cutting
tcmpcralluru. It is revealed from the aforesaid literature survey that the cutting lemperature,
which is the cause of several problems restraining productivity, quality and hence
machining cconomy, can be substantially controlled by high-pressure coolant et
Thorough ]nveatiggtiun 15 essential to E:fipltlrﬂ the potential benclits of high-pressure

coolant jet machining in such cases.
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Chapter-3

Obijectives of the Present Work

3.1 Objectives of the Present Work

It is cvident from the previeus discussion and literature review that the cutting
temperature, which is the cause of several problems restraining productivity, quality and
hence machining econiony, can be cubstantially controlled by high-pressure coolant. The
growng demands for high material removal rate, precision and cffective machining of
exotic matcrials is restrained mainly by the h-igh culting temperature.  Thorough
investigation is cssential 1o explore the potential henefits of high-pressure coolant
machimng in such cases. However, eaough work has not been done syslematically yet in
this ducetion. The main objectives of the present wotk, keeping in view the overall
improvement in productivity, quality and economy in machining different stecls {C-60

steel, 17CrNiMob steed and 42Crivod sieel), are:

a) Lxperimental study on the cffects of high pressure coolant on the

machinability charactecistics of differcnt steels at different cutting speeds

and Teeds in terms of

i form and geometry of the chips
ii. eutting forces i.c. main cutling force and feed foree
iii. average chip-tool interface temperaturc

iv.  pattern and mechanisim of deformation of the cutting tools



3.2

k)

v.  extent of ool damage and ool life
v, surface integrity along with surface finish and

vil. product quality (dimensional deviation)

Design and fabrication of a sbitable nozzle for cffective and cfficient
cooling by impunging high velocity cutting oil jot at high pressure along the

rake face,

Development of a predictive model for cutting temperature within the chip-

ool interface Mmom the characterization of the physical processes taking

place during machining and its validatien. .

Outline of Methodology

The research work was mainly cxperimental and partly analytical in nalure.

Proper design of experiment was done for reasonably quantitative assessment of the role of

[

the machining and the high-pressurc coolant patameters on the technological responscs.

The methodology was as follows:

A high-pressure coolant delivery system has been designed and fabricated
for supplying coolant at high pressure from the coglant tank and impinged
at high speed through the nozzle inte the chip-tool interface. Considering
the conditions required for the present rescarch work and uninfcrrupted
supply of coolant at pressure around 100 bar over a reasonably fong cul. a
coolant @ank of capacity of 200 liter has been Hcsigncd, fabricatcd and used.
The coolant tank compriscs of a motor-pump assembly, a flow control

valve, a rclicf valve and a directional contro] vaive. The nozzle of (.50 mm
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iil.

vi.

bore diameter has been fixed 10 the tool past and was connceted with
standard connecling cnd to supply high-pressure eutting oil in the form of

thin jet at the chip-tool interface.

A nozzle Tor application of 1he high-pressurc coolant jet has becn fabricated

for controlling the spray pattern, covering area and coolant flow rate.

Chip shape, chip color and chip thickness ratio under both dry and high-

prossire coolant conditions have been studied and also the metallurgical
study of the chips has been carried out 1o explere the nature of chip tool

interaction. .

The average chip-tool intcrface temperalures have been monitored by tool-
work thermocouple technique. A tool-work thermocouple calibration has

been carried out to measure the interface temperatures.

Main cutting force (£} and feed foree () under both dry and high-prossure
coolant conditions have been recorded with the help of a tool dynamometer,

charge amplifier and computer. Computer was used for monitoring the

profile ol the cutting forees during machining under both the environments.

The prowths of average principal flank wear, average auxiliary flank wear

and maximum auxiliary flank wear have been observed under melallurgical
microscope. The cutting insert has been withdrawn at regular intervals to
cxamine the pattern and extent of wear on main and auxiliary [lanks for all

the trials. The average widih of the principal flank wear and auxiliary flank

has been measurcd using the metallurgical microscope,
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vil,

viii.

The pattctn and eafent of wear that developed at different surfaces of the
tool tips afler being used for machiring the different steels over reasonahbly
long period have been observed under scanning clectron microscope (SEM)

te see the actual effects of different environments an wear of tie carbide

Inscrs.

The surface roughaess and variation in linished diameter along the job-axis
have been menitored by a Talysuel and precision dal gauge respectively o

study the effcels of high-pressure coolant on surface finish and dimensional

devialion.

An analytical mode! has been develeped for the temperature rise in mecilal
cutting based on pioncering work of Hahn [1951] on the maving obligue
wand heat source with an appropriate image source and boundary conditions
for the shear plane heat source and frictional heat source at the chip-tool
interface using (he modificd Jeager's [1942] J'r_mving band for the chip and
stationary rectangular heat source for ihe tool solulions with non uniform
distribution of heat intensity. The proposed model has been verified by
experimental data ol turning C-60 steel under high-pressure coolant

condition.

£



Chapter-4

Experimental Investigations

4,1 Introduction

The high cutting temperature generated during machining not only reduccs tool

life but aiso impairs the product quality. The temperature becomes maore inlchsive when

cutting speed and [ued rate are increased [or higher MRR and the work materials are

celatively difficult 1o machine for thetr high strength. hardenability and kesscr theemal

conductivity. Cutung fuids are widely used Lo reduce the culting temperature. But the

major probleins associated with the use of conventional methads and type of cutting (uids,

which arc mostly oil based, arc:

i ineffectiveness in desired cooling and lubrication

i, hoolth hazards due Lo generation nf ebnoxious gases and bacterial growth

i, inconvenicence due to uncleanliness of the working zone

kv, cllzrrmsiun and conlamination of the lubricating system of the machine tonls

v. nced of storage, additional Noor space, pumping system, recycling and
disposal

vi.  environmental pallotion and contamination of soil and water

in this regard, it has alrcady been abserved through previous rescarch that proper

application ol high-pressure coolant may play vital role in providing not only envirenment

friendliness but alse some techno-cconam ical benefits.



For achieving subsiantial lechnological and economical henefits in addition ©
environment Triendliness, the high-pressure coolant sysiem needs to be properly designed

considering the Tollowing impertant Tactors:

i, effective cooling by cnabling high-pn.ﬂsqurc coolant jet reaches as close to
the actual hot zones as possible

;. avoidance of bulk cooling of the tool and the job, which may cause
unfavorablc metallurgical changes

i minimum consumption of coolant by pin-painted impingement and only
during chip formatien

. control of pressure and flow rate of coolant according to need
4.2 Design and Fabrication of High-Pressure Coolant System

The cutting fluid needs 1o be drawn at high pressure from he coolant lank and
impinged at high speed through the nozzle. Considering the condilions required for the
present rescarch work and uninterrupted supply of coolant at prossure around 100 har over
a reasonabty long cut, a coolant tank of large capu{:iiyl {200 [iter) Las been designed,

fabricated and used. The photographic view of the coalant tank along with motor-pump

assemble, Mow control valve, relicf valve and directional control valve is shown in Fig.d. 1.

rhe coolant is contained in the coolant tank and a pump i used Lo ensurc desired
higlt driving pressure during the high withdrawal periods. This 15 accomplished hy
contralling relict valve through tlow control valve (hal creates a high pressure. When the
Mow conteol valve 1s open, coalant tulen from the tank at normal pressure is pressurized ot

a requircd pressure by controlling relief valve. A relief valve inslalled in the discharge line

with a returt Jine back fo the supply lank is 1o provide complele proteclion against un
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unexpected r:r;.f'cr [;rcsb;urc vituation? The flow control valve is pt’tlk:“-ul'f:: and tefnperature
compensating type valve and maintain a constanl Mow rate independent of change in
svsterm pressurc {load) and tmn-pcmturel (viscosity D!’L the fluid). The valve with an integral
" check valve allows a controlled flow and reverses free flow. The high-pressure coolant is
unpinged through a noszle at the chip-tool intedace. A direction control valve is used to

control the Mow direction of the jet during machining.

T Ty

Fig. 4.1 Photographic view of high-pressure coolant system

4.3  Design and Fabrication of the Nozzle

The purpose of a nozzle is to direct cutting fluid to the optimal position to achigve
maximum (tuid flow at the chip-tool interface. The nozzle also fulfills the purpose of
increasing the fluid velocity by contracting the cross-sectionat area of the jet sircam. A
well designed turbulent Mow nozzle converts more of the pressurc cneray in the fow into

kinctic energy than does a laminar flow nozzle. A laminar Mow nozzle however has the
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Benent that the jet sircam maintains its coherency for a lcngc-r period meaning that

turbulent Now nozzles must be positioned as clast ta the chip-tool contact as possible,

The nozele has been designed and fabricated so that the nozzle spray paticrn,
covering area and coolant flow rate can be controlled. The nozzie developed and used and
its sctting ulong the tool holder are schematically shown in Fig.4.2 The noszle lip ol .30
mim bore diameter was {ixed to the tool post and is connccted with direction control valve
through hydraulic pipe to supplly coolant in the form of jet to the cutting zone. A flow
control valve is used to contro] the [ow of coolant as required. The jet shoald impinge at
the culting zone in liguid state onfy. The expected result of this arrangement is clfective
cooling with cconomical coolant dispensing. It 1s important to properly position coglant

delivery nozele to achicve the 1ollowing:

getting the Muid Lo the toolfworkpiece interface
5. minimizing mist and odor problems

S controlling thermal shock. The tool will be alternately heated and caoled, if

the Muid stream does not continually reach the tool
iv. keeping the workpicce constantly in the fluid’s tlow and

v.  moving the chips/ swarf out of the cutting zone. This is one of the most
important functions of the fuid, and may require posIioNEng anc Hr more

fiuid fines just to move chips out of the cutting zonc

MNozzle is placed 15.0 mm away from the tool tip 1o minimize the interfcrence of
iLe nozzle with the [owing chips and (o reach quite close 1o the chip-toal contact zone

witlioul avoiding of bulk coaling of the ool and the job, which may cause unfavorable

metallurgical changes.
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mJ Y £ : Nozzde

+— Tool Post

Fig. 4.2 Schematic view of the nozzle used for coolant delivery at the cutling zone

4.4  Experimental Procedurc and Conditions

'Jhe concepl ol high-pressure coolant presents itseif as a possible solution for high
speed machining in achteving slow 100l wear while maintaining cutting torces/power at
reasonable tevels, provided ihat the high-pressure cooling parameters can be strategically
tuned It has the benefits of a pewertul stream that can reach the cutting area. it provides
strong chip removal, and in some cases enough pressure to deburr. High-pressure coolant
injcction technique not only provided reduction in cutting forces and temperature but also
reduced the consumplion of cutting fluid. The aim of the present work is primarily 1o
explore and cvaluate the role of high-pressure coolant on machinability characteristios of
commonly used toolwork combination mainly in terms of cutting temperature and chip-

forms, which govern productivity, product guality and overall cconomy.

I'he machining tests were carried out by straight turning of three different steels

(C-60 steel, 17Cr Ni Moé stee! and 42CrMod steel) in a reasonably rigid and powered (10
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hp) centre lathe (China) at difTereni cutting speeds {V]; and feed rates (f) under dry. wet
{1:20 soluble oil) and high-pmssﬁrﬂ conlant environments. Keeping in view less sipnificant
role of depth of cut {¢)) on cutting temperature. saving of work material and avoidance of
deminating ctfect of nose radius on cutting temperature, the dopth of cut was kept fixed

to only 1.0 mm and 1.5 mm, which would adequately serve the present purpose.

Citectiveness of cooling and the related benefits depend en how closely the high-
pressure coolant jet can reach the chip-tool and the work-tool interiaces where, apart from
the primary shear 7one, heat is generated. The ool geomelry is reasonably expected to
play significant role en such cooling elfectivencss. Keeping these vicw two ditferent tool
conligurations (Sandvik) namely SNMG-120408 and SNMM 120408 have been
undertaken for the present investigation. The inserts were clamped in a PSBNR-2525 M12

{Sandvik} type toal holder.

Fig. 43  Photographic view of high-pressure coolant delivery nozzle injecting cootant

during machining

I'he positioning of the nozzle tip with respect 1o the cutting insen has been settled

alier a number of trials. The final arrangement made and used has been shown in Fig.d 3.

44



The high pressure coolant jet is directed along the auxiliary cutting cdge at an angle 307 to

reach at the principal fank and patially under the Aowing chips through the n-buile

oranve parallel to the culting cdges. ‘The schematic vicw of the experimental sclup is

shown in Fig. 44, The photographic view of the cxperimental sel-up is shown in Fig.4.5.

10 wachine ool

| Coolant tank §  Pressurc gauge

2 loot valve 2 Direction contral valve L1 Supply pump
3  High-pressure pump § Nozzle 1Z Tilter

4 Flow control valve 9 Eymumometer 13 Compuler

5 Relief vahe

Fig. 4.4 Schematic view of the caperimental set-up
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Fig. 4.5 Photographic view of experimental set-up

The ranges of cutting speed and feed rate chosen in the present investipation are
representative of the current industrial practice for the wol-work material combination that
has been investigated. Vhe conditions under which the machining tests have been carried
out are briclly given in Table 4.1 The machining responses have been monitored and
studied using sophisticated and reliable equipments and techniques as far as possible. The
machitittg responses studied and cvaluated for assessing its machinability characteristics

are presented in Table 4.2,

It has already been reported [Paul et al. 2000 and Seah et al. 1995) that use of
conventional cutting fMuids (wet machining) does not serve the desired purposc in
machinittg steels by carbides, rather reduces tool life and ofien may cause premature
failure of the insert by brittie fracture. However, onc of the steels (C-60 steel) underaken
has heen machined with conventional method {1:20 soluble 0il) in addition to dry and
high-pressure coolant (MPC) condilions to see again the relative role of wel machining
under the same cutting speed, focd rate and depth of cut, paricularly in respect of

condition and life of the cutting insens, surface finish and dimensional deviation.
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Table 4.1 Experimental conditions

Machinc tool : Lathe {10 hp}, China

Work nuilerials e =60 stee] (Size: @178 X 380 mm, BHN: 195)
. 17CENI Mo6 steel (Size: ©200 X520 mm, BHN: 201)
v 42CrMod steel {Size: 9220 X 520 mm, DHN: 252)

Curting insert s s SNMG 120408 TTS, Sandvik (IS0 Specilication}
s SNMM 120408 TTS, Sandvik (1SO Specilication)
Tool holder « PSENR 2525 M2, Sandvik
Working 100l geomesiry c G760, 6%, 67 157, 75°. 0.  mim
Process parameters
Cutting speed, F £ 93,133, 186, 266 and 193 m/min
Feed rate, / 0,10, 0.14. 0.18 and 0 22 nun/rey
Drepth of cut, = .0 mm and 1.50 min '

Hiph pressurce coolant (HIPC) 80 bar, Coolant: 6.0 Umin through external norvle

Coolant type : VG-08 (150 grade)
Environments tw Dry
o Wetand

» ligh pressurc coolant {(HPC) condition

Cabie 4.2  Machining responses investigated

Work materials
[nvestigaled responses C-60 sleel 17CrNiMo6 steel [42CrModstecl
Dry | Wet |HPC|  Dry HPC | Dry | [IPC
Thermecouple calibration I B v x ~f .
Chips Vo oE | v v v v
[Temperature \f w | ¥ v v v ~
Cutting forces i w | W v v v
Tool wear I BV IRV S v o o
IESEM vigws of worn oul inserts N VI v o o N o
ool life 4 x|+ o o 7
Machined surface reughness Voo - N o g
Dimensional deviation NN VI Y v v W v |
a7




4.5 Tonl-Worlk Thermocouple Calibration

Cutting temperature can be mcasure-d using dilrem and indircct techniques
|Venkatesh 1987]. Direct methods welude the usc of temperature sensiive powders
[Narntaki and Yamane 1979], infrarcd measurement [Ahrao et al. 1996], the lool-work
thermocouple techniques [Stephensun' 1993] and cm'bedldcd thermocouple technigles

[Kitagawa ct al. 1997] whercas indirect methods mainly include microstructural changas

and microhardness chunges [Wright and Trent 1973] in the ool materials due 1o high

cutling temperaturc.

Tool-work thermocoupke technique [Stephenson 1993 is simple but quite
celiable for measurement of average cutting temperalure in machining with conptinuous

chip formation like plain turning. 13ut proper junctioning of this technique need carc aboat;

i parasitic e generation by secondary junction
ii.  propercalibration

i, clectrical insulation of the tool and the job

IFig.4.6 shaws the calibration iechnigue employed for the tool-work thermocouple
used in the present investigation. The thermacouple junclion was constructed using a long
cantinuous chip of the concerned work matcrial and o tungsten carbide inscri to be used in
actual eutting, To avoid gencration of parasitic eml, a Jong carbidc rod was used to extend
the inserl. A graphite block embedded with an clectrically heated poreclain tube served as
the heat sink. A chromel-alumel thermocouple was used as a reference in the vicinity of

the tool-waork thermoeouple for measuring Lhe temperature of the graphite black. The

junction remperature measured by the reference thermacouplhe was recorded using a digital

48



teraperature readout meter {Eurotherm, UK) while. the emf generated by the tool-work

thenmuocouple was recorded by a digital multimeter (Rish Multi, India).

Fig.4.6 Tool-work thermocouple calibration set up

Fip.4.7 shows the calibration curves obtained for the tool-wark pair with tungsten
carbide (P30 Grade, Sandvik) as the tool maletial and the difTerent steels underiaken as the
work materials. In the present case, almost linear relationships berween the temperature
and emf have been obtained with correlation coefficients of 0.994. In the present work the
averasc culling temperature has been measurcd by tool-werk thermocouple technique as

indicated in Fig.4.8 taking care of the aforesaid faciors.
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Fig.4.8 Schemalic view of the tool-work thenmocouple loop
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4.6  Experimental Results

4.6.1 Chip Formation

An important machinability  index 15. chip thickness ratio, #. (ratio of chip
thickness before and after cut). For given tool geometry and cutting conditions, the value
of chip thickness ratio depends upon the nature of chip-tool inieraction. chip contact
length, curl radius and form of the chips all of which expected to be influenced by high-
pressurc coolant in addition to the level of cutling speeds and feed rates. The thickness of
the chips was repcatedly measured by a stide caliper (o determine the value of chip
thickness ratic (ratio of chip thickness before and afer cut). The schematic view of the

formation of chip is shown in Fig.4.9.

Fig.4.9 Schematic view of the formation of chip

The variation in value of chip thickness ratio with change in tool configuration,
cutting speeds and feed rates as wel! as machining environment evaluared for C-60 sweel
have been plotted and shown in Fig.4.10. Similar results for other owo steels undertaken

have been shown in Fig.4.11 and IFig.4.12.
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The machining chips were colleeted during all the ireatments for studying their
shape, coluur and nature of interaction with the cutting insert at 1ts rake surtace. Chips have
been visually examined and calegorised with respect o their shape and colour. Chip shape

and colour for differcnt steels are incorporated in Table 4.3, Table 4.4 and Tahle 4.5,

Table 4.3 Shape and color of chips produced during turning C-60 sieel by SNMG and
SN MM inserts under both Dry and HI'C conditions

P y SNMG 120408 SNMM 120408
(rmmeev) lmiimin) Dry Hrc Dry HPC

Shape | Color | Shape | Color | Shape Coler | Shape | Color
93 = hioe ] metullic - . blue O melallic
133 = hlue [ metallic - blue i melallic
0.1 186 | bluc " tetallic . Hue ol metullic
260 m | blue " meiallic Fy blue . meiakfic
a3 " blug = metallic =) blue ] metallic
133 | bluc » metallic ] hiue u metallic
.14 186 ] Blue ] metallic » blue L] metalhic
206 | blue ] wmcdalhe - bl (] metallic
93 m bl - metallic bluc o metallic
018 133 ] blue n tmickallic | hlue ] metallic
186 n blue u metallic n blue n melallie
266 ] bluc " metallic L] blue L] metallic
91 " blue m metallic bluc ] netallic
0.3 133 n Dblu = melallic L] blue E metaliic
186 ] blue n metalhie - biue ] metallic
266 = i o tnctallic = blue - metallic

Chin s Loose arc m  [Snarled ribbon . Finurlcd tubuiar ®

iip shape £ — .
'IShorL washer |- @ |Long washer o lLﬂng ribbon A
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Table 4.4 Shape and color of chips produced during turning 17CrNiMob steel by SNMG
and SNMM inscrts under batk Dy and HPC conditions

SNMG 120408 SWMNDM P20408
£ F
. Dry Hi Dry HI*C
(oimdrey) fmdming
Shape | Color | Shape | Color | Shape | Color [ Shape | Color
93 = blue [ metallic ] blue o) metallic
133 = Blue [ metallic = bluc N metallic
0.10
186 o] blue . metatlic » bluz ] metallic
06 - blue [ ] metaflic ™ blue [ metallic
a5 ] Blue -] metalfic o Huc [ | melat(ic
133 = Hlue W mclallic n LEue o melzlhc
.54
130 ] biue - metallic n Lilug = metallic
264 [ ] blus [ metallic o bluc ] melallic
93 o blue [ metallic ] blug 1 melallic
|_l 33 W blue n metallic = bluz [ metallic
018
|80 [ blug ] metallic ] blue ] metallic
264 [ blue ] metallic o blue ) meiallic
03 ] blue = metallie a bluc [ metallic
i33 n hlue n melallic [ Il = metallic
022 |
&G o I hiue = metallic = bluc [ melallic
266 ] | blue [ metallic o bluc ] metallic
Loosc arc m  [Snarled ribbon » Snarfed tbular
Chip shape
Short washer o [Long washer o |Long ribbon Fy
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Table 4.5 Shape and celor of ¢hips produccd during tuming 42CrMod sicel by SWMG

and SNMM inscrts under hoth Dry and HPC conditions

“hort washer

o |Long washer

SNMG 120408 SINMM 120408
f K
. Dry " HIMC Dry HFPC
{immdrey i mdmin )
Shape | Color | Shape | Color | Shape | Color | Shape | Color
93 = blog [ mekallic Blue = metakiic
133 . blug [ rmetallic Hue 4 metallic
0.10
186 . blue [ yolden blue & muatallic
266 » blue ] yolden Huc palden
07 n blue [ ] golden hiue & meiallic
133 ™ blue [ ] metallic hlue & melallic
0.4
186 a blue . golden blue . metallic
266 . blue L] golden blue . polden
03 = Blue [ golden bluc . mcLulm
133 a blue [} metallic blue a matullic
18
| 86 n hlue R rolden blue A metallic
266 [ blue ] golden bluz a golden
93 ] hlue L golden bluc F metallic
133 F | blue = metallic bluc " metalhc
h22
| $6 m [T n olden bluc o metallic
266 | bluz [ golden bluc " golden
Loose are m [Snarled ribbon Snarled twbular m
Chip shupe :
Long ribbon &

The actual form and color of the chips produced by the different steels during

machining steels by the SNMG and SNMM typo inserls at differcnl #— combinations

under both dry and high-pressure coolint conditions are shown m Fig.d 13, Fipd 4,

Figd. |5, Fip.d.16, Fig.4.17 and Fig 4.8 respueliveiy.
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4.6.2 Cutting Temmperature

High production mﬁchining associated with high speed and feed rate inherenily
penciate high heat as well as high culting zone temperature. The culliﬁg temperature ifnot
contralled properly, cuuing }04::!5 undergo severe Mank wear and notch wear, 10051:.
sharpness ol the cutting edge cither wearing or become blunt by welded built-up edge and
weahen the product quality. In normal cutting condition all such heat sources produce
maximum temperature at the chip-tool imwerface, which substantially influcnce the chip
farmation mode; cutting forces, tool Jife and product guality. High production machining
newds 10 ncrease th;a process parameters further for meeting wp the growing demand and cost
competitiveness. Cutting temperature is increased with the increase in process parameter as
well as with the increase in hardness and sirength of the work matenial. Therefore, wtlempls

arc made to reduce this detrimental cutting lemperature

The average cuiling temperature was measured under all the machining conditions
undertaken by simple but reliable 1ook-work thermocouple technique with proper calibration.
The evaluated role of high-pressure coolant on average chip-tool interfuce emperature i
{urning three different siecls by bwo types ol inserts at different ¥~ com binations in compare

to dry condition have been shown in Fig.4.19, Fig4.20 and Fig.4.21
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4.6.3 Cuiting Forces

Cutting forces are generally resobved inlo components in mutual perpendicular
dirgctions i"nr convenience of measurement, analysis, estimation of power consumption
and for the design of Machine-Fixture-Tool-Work systems. In turning by single point tools
like inserls, the single cutting force generated is resolved into three compenents namely,
tangential {force or main cutting foree, &, fced force, Frand transverse furce, & Fach of

those interrelated forces has got specific significance.

In the present work, the magnitude of F. and fy have been monitored by
dynamometer (Kistler) for all the combinations of stecl specimen, tool configuration,
culting speeds, feed rales and environments undertaken, The ellfect of high-pressure
coolant on F. that have been observed while turning C-60 stecl specimen by the carbide
inserts, (@) SNMG and (b) SNMM under different ¥ and f have been graphically shown in

Fig. 4.22. The similar results obtained while machining 17CrNiMo6 steel and 42CrMod

ctee] are shown in Fig. 4.23 and Fig. 4.24 respectively.
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4.6.4 Tool Wear

The cutting tool in conventional machining. particular in continuous chip
formation process like turning. pencrally fails by gradual wear by abrasion, adhesion.
dilfusion. chemucal erosion, galvanic action ele. depending upon the tool-work material
and machining condition. Tool wear initially starts with a relatively faster rate due o what

is called break-in wear causcd by atirition and microchipping at the sharp culting cdpes.

Cutting tools also ofien fail prematurely, randomly and catastrophically by
mechanical breakage and plastic deformation under adverse machining conditions caused
by intensive pressure and temperature and/or dynamic loading at the tool tips particularly
if the tog] material lacks strength, hot hardness and fracture toughness However, in the
present investipations with the tools and work materials and the machining conditions
undertaken, the tool failure mode has been mostly gradual wear. The geometrical pattern
al ool wear that is generally observed in tuming by carbide inserts is schematically shown
in Fig4.28, I'he major features that characierize flank wear and crater wear are also

indicated in the Ligure,

Craoter wear

WB= Average flaak wear
V= Motch wear
W= Moximum flank wegr

Wo= Average awxihiary
flank wear

YEN= Maxkimum ausilicry
flank weor

Fig. 4.28 Schematic view of general paticm of wear
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Again, the life of the 1ools. which ultimately fail by systematic gradual wear, is
aancrally assessed at least for R&D work, by the average value of the principal flank wear
(VI), which aggravates cutting [urces and temperalure and may induce vibrution with
progress of machining. The pattem and extent of wear (FS) of the auxiliary flank affects
curface finish and dimensional accuracy of the machined parts, Growth of tool wear is
sizeably influenced by the tcmperature and nature of interactions of the (ool-work

interfaces, which again depend upon the machining conditions for given tool-work pairs.

However, toal rejection criteria for figishing operation were employed in this

investigation. The valucs established in accordance with ISO Standard 3685 for tool life

testing. A curting tool was rejected and further machining stopped bascd on onc or a

combination of rejection criteria [Ezugwu et al. 2005):

i. Avcrage Flank Wear > 03 mm
il. Maximum Flunk Wear = 04 mm
. MNosc Wear =  03mm
iv. Notching at the depth of cut line = Q.G mm
v, Average surface roughness value =  l.6um
Vi Excessive chipping (flanking) or catastrophic fracture of cutling cdge.

Therefore, attempts should be made to reduce the rate of growth of flank wear

(V) in all possible ways without much sacrifice in MRR.

Dring machining under each condition, the cutting imseit was withdrawn at

regular intcrvals and then the salicnt fealures like. FB, F§ etc. were measured under

metallurgical mieroscope (Carl Zesis, Germany) fitted with micrometer of lcast count

lpm.



il & P TEIIE SR
It has already been mentioned that C-60 stecl has been machined also under wet

condition in addition to dry and high pressure cealing condilions to see again [Dhar et al.
2001] the actual etfect of such cmwemiana]l mﬁling fluid application on condition and
perlormance of carbide tools in continuous machining of steel. The growth of average
Nank wear, ¥8 with machining tine observed while turning {-60 sige] by Lhe two different

types of inserts al moderately high cutting speed, feed and depth of cut under dry, wet and

high-pressure coolant envisonmeat have veen shown in Fig. 429,

The arowth of principal flank wear, F& with progress of machining recorded
while tuening the other two steels underaken, by SNMG and SNMM type inscrts al the
same culting spoed, feed rate and depth of cut under dry and high-pressure coolant

conditions have been shown in Fig. 4.30 and Fig. 4.31 respectively.
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of inserts under previous conditions and envimnments have been shown in Figd.32,

Fip.433 and F1g.4.34 respectively.
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4.6.5 Scaoning Electron Microscopy (SEM) Views of Worn out Inseris

b

The pattcrn and extent of wear that developed at the different surfuces of the ool
tips alter being uscd for machining different .;.Lcc:ls over reasonably long period have been
observed under Scanning Electran Microscope {Philips XL 30, Belgiun) (o sce the actual
offects of different environments on wear of the carbide inserts of present Lwo
configurations. Fig.4.35 and T12.4.36 show the scanning clectron microscopy (SEM) views
of lh_c worn out insert (SNMG 120408) after being used a F=193 m/mun, =018 mmfrey
and o =1.50 mm for 48 min. under dry, wet and high-pressure coolant condition,
Fig.4.37and Fig.4.38 show the pattern and extent of wear and fracture the SNMM inserl
attained afler 48 min. of dry, wet and high-pressure coolant machining of the C-60 siccl
under the same machining canditiun._ The SEM views of worn out inserrs (SNMG and
SNMM) being used for machining 17CrNivo6 stecl and 42CrMod stecl under dry and
HPC conditions are shown in Fig. 4.39, Fig. 4.40, Fig. 441, Fig. 4.42, Fig. 4.43, Fig. 4.44,

Fig. 4.45 and Fig. 4.46.
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Fig.4.36 SEM views of auxitiary flank of worn out tip of SNMG insert afler machining
C-60 steel under {a} Dry, (b) Wet and {¢) HPC conditions
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{b} HIFC condition, 22 min

Fip.4.39 SL1M views of principal Nank of wom out tip of SNMG insert atﬁer machining
17CrNiMob6 steel under () Dry and (b) HPC conditions T
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AccY Magn [Det wp F———1 500m
10.0 kY 6% S5E 98 MMEBUET

{a) Dry condition, 22 min

AccY  Spot Magn  Det wbh F——=— 500 um

100k B0 s SE 117 MME BUET

(b} HPC condition, 22 min
Fig.4.40 $EM views of auxiliary (lank of worn out tip of SNMG insert afler machining
17CrNiMo6 stecd under (a) Dry and (b) HPC conditions
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{b) HPC condition, 20 min
Fiz.4.41 SEM views of principal Nank of wom out tip of SNMM inserl atter machifiing
I17CrNiMo6 steel under (3) Dry and (b) HIPC conditions
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AccY  Magn WD F————1 500um
100 kY 63 110 MME.BUE]

{a) Dry condition. 20 min
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{b} HIPC condition, 20 min

Fie.4.42 SEM views of auxiliary flank of worn out tip of SNMM insert afier machining
17CrNiMo6 steel under (a) Dry and (b) HPC conditiens

RU



EEaams rana 2l

T T
=

-+ 440
++EEE

T -hbrrrd
+

{) HPC condition, 20 min
Fig 4.43 SEM views of priocipal flank of wormn out tip of SNMG inserl after machining
42CrMod steel under (a) Dry and {b) HPC condilions
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(a) Dry condition. 14 min

(b} 11I'C condition, 20 min
Fig.4.44 SEM vicws of nuxiliary M2ok of wom out tip of SNMG insert afler machining

42CrMod steel under (a3 Dry and (b) HPC conditions
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{a) Dry condition.
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{b} HPC condition, 13 min
Fig.4.45 SEM views of principal flank of worn out tip of SNMM inserl after machining
42CrMod stecl under (a) Iry and (b) HPC conditions
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{b} HPC condition. 13 min
Flg 4.46 SEM views of auxiliary I'Iank of worn out tip of SNMM inser after m;mhlmng
42CrMod steel under (a} Dry and {b} HI"C condilions



4.6.6 Tool Life

The eflieet of appiication of high-pressure coolant over dry conditions on tool lile

in turhing C-60 steel by SNMG and SNMM inserts at different P-f combination i+ brieliy

shown in Tahic 4.0,

Table 4.6 Tool life of SNMG and SNX¥M inscrr at FO=300pm

Cutting speed | Feed rate SNMG insert SNMM insert
{m/min} {mmsTey) Tool life (min) Tool life {min}
Dry HPC Dry HPC
0.14 59 91 35 84
133 0.18 45 73 29 a7
0.22 41 67 23 50
0.14 44 71 30 62
152 0.18 33 33 24 50
0.22 30 42 17 31
0.14 40 53 25 50
186 0.18 24 42 |9 i}
0.22, 21 36 i2 22

The eifects of high-pressurc coolant over dry condition on el life in machining
C-60 stecl by SNMG and SNMM inserts at dificrent ¥~/ combination have been evaluated
by regression analysis based en (1) only limiting flank wear and (i) averall tool failure

using the limited cxperimental dala, The results are shown in Fig4.47 and Tig4.48

respectively.
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Fig.4.47 Effect of dry and HPC on tool life of SNMG insert while machining C-6i} stegl

evaluated by regression analysis of the experimental dala and  based on
limiting flank wear criteria FE = 300 um

Tool Lufe, min

7
m’?bp 03z 130
Fig.4.48 Ellcet of dry and HPC on tool life of SNMM inser while machining C-6{) stee!
evaluated by regression analysis of the cexperimenial data and based on
limiting flank wear criteria F& = 300 pm
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4.6.7 Surface Roughness

Surface roughness is another important indes of machinability which is
substantially influenced by the machining environment for given tool-work pair and speed-

feed condibions,

Surface roughness has been measured at two stages; one, afler a fow scconds of
machining with the sharp tool while recording the cutting temperawre and forces and

sccond, wilh the progress of machining while monitoring growth of tool wcar with

machining time.

The surface roughiess attained after 45 scconds of machining of C-60 stecl,
17CINIMob stoel and 42CtMod steel by the sharp {a) SNMG and (b} SNMM inserts at

various ¥=f combinations under dry and HPC conditions arc shown in Fig. 4.49, Fig. 4.50

and Fig. 4.3] respectively.



Work matcrial : C-60 stce
Depthofcut @ 1.0 mm
A Machining time : 43 scc

o
=
]

Average surface ronghness. R, um

80 120 160 200 244 280
Cutling speed, V, m‘min

{u) SNMG insert

5
Environments | | liced rate{mm/rey)
| Dry - — | |-e-010
v 4 HPC —— -o-0.14
4 A - -3
Tl - - 022

[F%}
)

Averape surface roughness, R, pm

80 120 160 200 240 280
Cutting speed, ¥, m/min

{b) SNMM insert
Fip.4.49 Variution in surface ronghness (Ra) with that of ¥ and f in turning C-60 steel

by (&) SNMG and (b) SNMM inserts under Dry and HPC conditions

a7



Work material : 1 7CrNiMo6 steel
Depthofcut : 1.0mm
Machining time : 435 scc

» LM

2

Average suwrface roughness, R

L 1 1 I
80 120 160 200 240 280
Cutling speed, V, m/min

{a} SNMG insert

3 ——
Envirgnments | | Feed rate{nun/rev)
% Dry - -8-0.10
w4 HpC —— | |- -4

Average surface roughness, R |
o]
1

D 1 i 1 [ T F T J 1
80 120 160 200 240 280
Cutling speed, V. mimin
(b} ENMNM inscri
Fip.4.50 Variation in surtace roughuess (Ra} with that of Fand fin turning 17CrNiMa6
steel by (2) SNMG and (b) SNMM mserls under Dry and HIPC conditions



Work material : 42CrViod stee
Depthof et 2 1.0 mum .
4 - Machining timc : 45 scc

fa

Average surface roughness, R, pm

KO 120 160 200 240 280
Culting speed, V, m/min

(a) SNMG insert

> Environments Feed ralc{mmfrcv)"
1 Dy - --a-0.10
4 Hpe —— ||-<-014
Ao - & - (L5

Average surface roughness, R, pm

Ot—r—7 1 |
8 120 160 200

Cutting speed, ¥, mimin

T .
240 280
{b) SNMDM inseet

Fig.4.51 Variation in surface roughness (Ra) will that of F and f in turning 42Crhod
stecl by (a) SNMG and (b} SNMM inserts under Dry and HPC conditionsg

The variation of surface roughness observed with progress of machining of C-60

sicel by two types of insers af 2 particular sct of ¥=f and & under dry, wet and HPC
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canditions have bee

the time observed for the olher

are shown in Fig- 4.53 and ¥Fig. 4.54,

Surface roughness, R, um

a

R, pm

Surtace roughness

Fip.4.32 Serface roughncss (Ra) developed with progress of machini

{uy SNMG and (b) SN MM inscris under Dry, Wet and HPC conditions

n shown in Lig. 4.52. Similarly the variation in surface roughness with

two steels being machined under dry and HPC conditions

6

Work matcrial : C-60 steel
Cutting speed  : 193 m/nun

I Feed ralc - 0.18 mm/rey
i Depthofeut @ 1.5mm
04— i 1 ' T
0 10 20 30 40 50 60
Machining time, min
(a) SNMG iosert
4]
5
4
3
2+ Environments
1-
D ‘ L I L]

T
20 30 40 50 60
Machining time, mun .

{h) SNMM insert

ng of C-60 steel by
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24 Work materdal : 17CrNIMOG sicel
. Cutting speed  : 193 m/min
] Feed rate - (.18 mmvrey

Surflace roughness, R, pm
LS ]
1

y Depthofent @ 1.3 mm

0 T I 1 l‘ 1 l 1 I T
() 3 10 15 20 25
Machining lime, min
{2) SNIC insert

0
E 5
1 -
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% 4
£ 34

Surface rough
b
|

i Environments
I —o—Dry

¥ —e— HPC
0 T T T | T { T | T

{ 5 10 15 20 25

Machining Lime, min
{b) SNMM insert
lig.4.53 Surface ronghness (Ra) developed with progress of machining of 17CrNiM w0

sieel by () SNMG and (h) SNMM inscrls under Dry and HPC conditions
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Fip.4.54 Surface ronghness (Re) developed with progress of machining of 42Crhlod
steel by (1) SNMG and (b) SNMM inserls under Dry and HPC conditions
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4.6.8 Dimmensional Deviation

During straight turning in a centee lathe, the diamcter of the machined part 13

sencrally form (o
i, increase along length of cut due to pradual wear of the toal tip
. decrcase due to thermal expansion and subseguent cooling of the job il the
job temperature riscs significantly during machining -

i, increass due (o system compliance of the Machine-Fixturc-Tool-Wark (M-

F-T-W) system under the action of cutring forces.

The order of dimensional deviation possible due 1o thermal expansion of the job
cven under dry machining and due to compliance of the M-f-7-H system wore calculated
for the steel specimens being machined under the present condition and the values appear

(0 be eateemely small (Jess than { jum) compared o that possible duc to wear of the lool.

Therefore, in the present study, the dimensional deviations arc considered to be mainly due

to wear of the tool tips.

The varation in diamecter of the job was preciously measured along its axis afier
one Tutl pass of the machining gver 500 mim length with full depth at reasonably high
cutting speed and feed rate suitable for the tool-work combinatien. This has been done for

a1l the tool-work-cnvirgnment combination undertaken keeping the witial diameter and

length of the stecl rods same and uniforin as per as possible.

The gradual increase in dimensional deviation on diameter observed along the
length of cut on C-60 sicel alter one full pass of machining with SNMG and SNMM
insetts at eutting speed of 193 m/min, 1.50 mm depth of cut and 0,18 min/rey [ced rate
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under dry and HPC conditions have

heen shown in Fig, 4,35, Similar observation made on

the 17CNIMo6 steel and 42CrMod steel are shown in Fig. 4.56 and Fig. 4.57 respectively.
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Fig.4.55 Dimensional deviation obscrved after onc full
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pass turning of C-60 stecl by (a)
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Ce ] Work material : 17CrNiMoé slecl
Cutting speed @ 193 m/min

Feed rate - (.18 mun/rev
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Fig.4.56 Dimensional deviation observed after onc full pass twriing of 17CrNiMoé steel

by {2} SNMG and (b} SNMBM inserls under Dry and HPC conditions
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Work matcrial ; 42CrMod steel
Cutting speed : 193 m/min
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Fir.4.57 Dimensional deviation observed afier one full pass turing of 42CrMod stecl

by (2} SNMG and () SNMM inscris under ey and HPC conditions

106G



Chapter-3

Modeling of Cutting Temperature

A1 Introduction

Earlier researchers [Hahn 1951; Locwen and Shaw 1954; Weiner 1955] used
Jeager's mode! of moving heat sources and blok’s partition principle to estimate average
temperature at the shear plane and at the chip-tool interface. However, these models could
not lake into account variation in thermal properties of work and tool material with
temperature, the elasto-plastic nature of chip-lool interaction. work-tool interaction at the
wear land in flank etc. Temperature distribution on the tool-chip interface was atriburted to
the primary heat source (due to shear deformation in the shear sone} and secondary heat
source (due to friction on the tool<chip interface) as specified it a moving oblique heal
source model or a stationary squarc heal source model. For example, the heat generated by
the friction on the tool-chip interface was considered as a moving heat source for any fixed
point on the chip, while it was considered as a slationary heat source for any fixed point on
the tool. Hoang and Liang [2003] t;:xlended the heat source method to the application of
worn tools, Unforunately, those studies focused primarily on dry culting conditions only
IF'or machining under wet cutling conditions, the rescarch pursued either experimental
ohservations or finite element method simulations [Childs et al. 1988; Li 1995; Dhar et
al. 2002]. It was penerally found that a small reduction of the cutling temperature required

a large increase of the coolant flow rate [Li 1995].



The éhjectivé of this chapter is (o model the curting temperature for high-pressure
coalant machining. The analysis of cutting temperatures in dry mrning has been well
documented in the literature. However, the effect of the cuiting at high pressure has not yet
been fully understood. In this study. the high-pressure coolant is applied at the chip-tool
interface along the rake surface through an external nozzle. The heat source method is
utilized to model the contributions of differcnt heat sources and heat losses. The heat
losses arc considered in a two dimensioral cuding mode] in which the cooling effect
occurs on the tool rake face. The cooling-cfccted area can then be specified by the tool
insert thickness in length and the width of cut in width. The temperalure in the chip is
attributed to the primary heat source due to plastic shearing and the secondary heat seurce
due to friction. The temperature in the tool is anributed to the sccondary heat source. and
the heat loss due to cooling on the tool rake tace dus to the high-pressune coolant jet, while
the rubbing hecat source is also considered when the tool is worn. For a worn tool, the
temperature on the interface between the tool flank face and the workpiece has to be
estimated to calculate the heat partition factors on the tool-workpiece interface |Huang
and Liang 2003]. (n the other hand, for a new tool, its tlank face and the workpicee have
a point contact. Therefore, the cuting temperatiure at the tool tip can be caleulated
according to the heat distribution on the tool-chip intertace. The temperature change in the
workpiece is caused by the primary heat source, the rubbing heat source. and heat the loss
due to conling. The proposed model is verified by caperimental data of tuming C-60 steel
under high-pressure coolant condition. The measurcd culting lorces are transferred to the
equivalent culling forces and feed forces in orthogonal cutting according to the tool inserl
geometry [Oxley 1982|. The obtained forces arc the inputs to cstimaile the heal sourte

inlensities, The lemperatures are measured by a tool work thermocouple for comparison

wilh model predictions.
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3.2 Temperaturc on Sharp Toeol under HPC Condition

In this study, Muid is applicd through an external nozzle of 0.50 mm diameter
along the auxiliary cufting edge, as shown in Fig.3.]. The opening aims at the lool flank,
thus the cooling effect is modeled as a beat loss at the gap between the (ool Mank and the

workpiece surface below it

Fig. 5.1 Nozzle and Lhe thermocouple location

The temperature distribution on the tool-chip imterface for sharp tool edpes in dry
machining can be calculated with an analytical model, as proposed by Komandurt and Hou
[2001]. Tt is believed that the temperature rise in dry machining is caused by the primary
heat source at the shear plane and the secondary heat source at the tool-chip interlace. In
high-pressure coolant {HPC) machining, three heat sources/losses are considered (i) the
primary heat source duelm 5;!1eur deformation {ii) the secondary heat source due to friction.

and (lii} the heat loss due to high-pressure coolant, as shown in Fig 5.2,
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Waorkpiece E

Primary -
heat Sfmrce\r\ applicd here
Heat loss

Heat loss

Secondary
heat source

Fig. 5.2 Heat sources and heat loss for the 2D model under HPC condition

5.2.1 Temperature Rise on the Chip-tool Interface in Chip

Fig.53 shows [Hahn 1931] schematically the shear band heat source moving
obliquely at an angle ¢ wilh a speed ¥, n an infinite medium with a heat Jiberation
intensity of gy (Jiom® s). The band heat source is infinitely long of width 27. A moving
coordinate gystem is congidered with its X axis along the width of the plane of the moving
band heat source and its origin o coinciding with the mid point. The location of point M is

gxpressed by the coordinates in the moving coordinate system at time .

dl; ] el

Wt / o \
¢ :
Moving band
Yin heat source
R
Infinite medium
M(X,2) Yz

Fig. 5.3 Schematic of Hahn's model of a band heat source moving obligucly in an infinite
mediom [Hahn 1958

‘The moving band heat source is considered as a combination of infinitely small

differential scgments 7, each of which is considered as an inlinitely lang moving line heat
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source, ‘Thus the solution for an infinitely long moving line heal source in an infinite
medium [Jaeger 1942] can be used for calculating the temperature rise at any point Af

caused by a differential segment df;.

_xr
0, =3, g (RV ) et e et [5u1]
2l 2a
where,
Oy = Temperature tise at point M, °C
& = llgat liberation intensity of a moving line heal source, Jfom-s
A = Thermal conductivity, Jiem 5 °C
F = ¥Yelocity of a moving plane heat source, emis
a = Thermal diffusivity, cm®/s
K, = Modilied Besse! function of the second kind of order »ero
R = Distance between the moving line heal source and the point M, where
the temperature rise is concemed, cm
X z = Thecoordinates of the point where the iemperature rise is concerned

in the moving coordinate system, cm

For comtinuous chip formation in orthogonal machining, the shear plane heat
source is moving in a semi-infinite medium with the work surface and the chip surface
heing the boundaries of a semi-infinitle media. Thus, Hahn's oblique moving heat source
sotution should be moditied with consideration for ihe eflect of the boundaries and the use
of appropriate image heat sources. Temperalure rise in the chip is atiributed to both the
primary heat source and the secondary heat source. The ¢lTect of the primary heat source is
considered as this heat source is moving in a continuaus chip flow. The back side of the
chip is assumed to be adiabatic. Then, the primary heat source and the imaginary heat
source arc symmetric with respect to the back side of the chip. The schematic of the
imaginary chip and the heat sources is shown in Fig.5.4. The upper boundary of the semi-

tnfinite body can be considercd adiabatic for many practical cases involving machining,
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dry, ie, without chanced cooling. For an adiabalic boundary, an image heat source (a
mirror image of the primary heat source with respect to the boundary surface) with the
same heat liberation intensity should be considered as shown in the Fig.5.4. A moving
coordinate system s used for the analysis of the thermal clfect caused by the oblique
moving hand heat source, where ox is the abscissa and oz is ihe ordinate of the system. The
origin of the system coincides with the upper end of the oblique moving band heat source

and moves together with it with the same velocity and in the same direction.

) dl,
Imaginary ":i‘/
heat source
R;

X

Primary
heat source

L
M X, ) P

dl,

Fig. 3.4 Schematics of the moving heat source model of the primary heat source for chip

The temperature tisc at any point A7X, z) is due to the combined effect of the
primary and image heat source. Cach of these heat sources can be considered as a
cambination of numerous infinitcsimal segments df, with each again as an infinitely long
moving line heat source. Thus, the temperature rise at any point M cansed by the
seementa] moving line heat source o, can be caleulated using Equalion (5.1). Far any ane

of the segmental moving line heat source o -{Fig.S.J], 4, = ¢ di,; the distance between

point A and the  primary  segmental line heat  source, Ry, i

1II|'I[.-t’ ~1 sinfp—a)' +[z —{ cos{p-a)| ; the distance between point M and the image

source, R s J[X -1 sin{rp—cx}]2+[z+!| cos{@—a}]:; and the projection of thesc
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distances on the X-gxes (direction of the motion} is fX-}; sim {w-a)f. Thus, the temperatore
rise at any point M caused by a scgmcental moving line heat source o, including its image
heal source is given by

ol FX-1 slpeali ¥, v
de, =125, 2 K, Yoty +K, Vafo || s
n A 2a 2a

The total temperature rise at any point M caused by the complete oblique moving
band heat source including its image heat source of equal intensity is given by

£ _fxA sl ar }j V.,
4, = Aot _[e 2 Kﬂ(m)+xo Vu s dh oo [5.3]
Codr A, 2a 24

Thus, the temperature rise in the chip due to primary heat source can be calculared

from Equation (5.3) and is given by

Ly l'ﬂl'll-:ﬁ' —afi ¥,
_ gf’ L‘[ [K”( Ve Ry J LK [ Ve fy H B [5.4]
150 2a 2a
whene
#., = Temperature rise in the chip due to the primary heat source, "C
Fp = {leat intensity of the primary heat source, Jiem-s
L = Length of the shear plane, ¢m
Ve = Chip velocity, em/s
a = rhermal diffusivity of the chip, cm®/s
K. = Muodilted Deassel function of the sccond kind of order zero
i@ = Shear angle, degree
cx = Rake angle. degree

The above equation is valid only in the region of the chip physically removed, not

the imaginary chip as depicted by ihe dash lines since there is nol any material m the

imaginary region.



The effect of the secondary heat source is also constdered as a continuous chip
flow with an imaginary heat source. a5 shown in Fig.5.5. The interface frictional heat
source relalive to the :I:hip is a band heat source moving 1‘.'..fith a velocily ¥,. Considering
the heat partition fraction for the chip to be B. the heat liberation rate Bg of the moving
band heat source is considered totally transfemred into the chip. Thus. the interface
houndary is considered as adiabatic and the solution used should be Tor a semi-infinite
medium. Since the heat source is entirely on the boundary surface, the solution for a semi

infinite medium will be twice that tor an infinie medium.

The chip thickness, £. in metal cotting is considerably amall. Hence, the boundary
cffeet of the upper surface of the chip cannot be neglected, For this, an image heat source
which is a mirror image of the chip-tool interface heat source with respect o the upper
boundary surface of the chip and located at a distance of 24, from the primary interface
frictional heat source as shown in Fig.5.5 should be considercd. The liberation rate of the
image heat source will be the same as the poimary heat source when the upper surface is

considered adiabatic,

Chip-too] interface
heat souree

TR

Fig. 5.5 Schematic of the moving heat source model of the secondary heat source for chip
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The first ohjective in the analysis is to determine the temperature rise at any point
MeX, ) in the chip side caused I:rl-.J the Intclrface ﬂ'ictliona] moving heat soucce inclading its
image heat source. Relerring wo Fig.5.5, the tool-chip interface heat source of length L can
ba considered as a combination of a series of differential segmenits of width 4. Each
segment can be considered as an infinitely long moving-line heat source. Thus, the semi-
infinite solution of an infinitely long moving-fine heat source given in the folowing

[Rosenthul 1946] is used as a starting point.

—x¥,
g=91 o 2 K{RVJ’T] e [5.5]

A 2a

Using the ahn}w;: solutiom [Rosenthal 1946]. the differential temperature rise at
any point MfX, z) caused by the differential segmental line heat source fthe one Jocated al &
distance /, from the origin o of the coordinate system used as shown in Fig.5.5] including
its image line heat source is given by

di, &l py (RY
dﬁ'.u=he 2 LK F K e [5.6]
JTA. 2a

The total wemperature rise at any point AFY z) in the chip caused by the entire

moving interface trictional heat source, incliding its image source, is given by

_l::)'r_'rl}[’h
g, =22 Lj'e K, AV +K, RV, L oeereene e [57]
2 2a 2a '

Thus, the temperature Tise in the chip duc to entirc moving interface frictional

heat source can be calculated from Equation (3.7) and is given by

. =1 ¥, '
g I GlnlTL S RI R.. VL
g =9 [g Pe | K| 2+ K| —= || ... .[58
. n:JLf;[, {x) e |i ”( " ] a[ 7 ‘ [5.8]
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where,

s = Temperature rise in the chip due to the secondary heat source, iC
¢y = Heat intensity of the secondary heat source, Jem-s
H = Fraction of sceondary heat source transfer into the chip
— 2
R = Jx-1ry+7

R! = JOX =1 ¥ + 2 - z)

The above equalions |Equation (3.4) and (5.8}] are valid only in the region of the
chup removed. Considering both the primary heat source and the secondary heat source, the

temperature risc in the chip is8,, +6,.

5.2.2 Temperature Rise on the Chip-tool Interface in Taool

Fig.5.6 is a schematic of the heat transfer model of the frictional heat source at the
toal-chip interface on the tool side. The interface frictionak heat source relative to the tool
is a slationary rectangular heat source of length, L. and widih w. Considering the heat
partition fraction for the toel to be (7-5), the heat liberation rate {{-B)g of the stationary
rectangular heat source is considercd totally ransferred into the tool. Thus, the interface
boundary is considered as adiabatic and the solution used should be for a semi-infinite
medium. Also. as the heat source is on the boundary surface, the semi-infinite solution is

ablained by multiplying by two of the value for the solulion of an infinile medium.

The clearance face of the tool should also be considered as an adiabatic boundary.
Thus. the mirror image heat source of the primary stationary rectangular heat source with
respect to the clearance surface should also be considered as shown in Fig.3.6. The heat

liberation rate of the imaginary heat source is the same as that of the primary heat source.
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Fig. 5.6 Schematic of the stationary heat source model of the secondary heat source for

the tool

The second objective in the analysis is to determine the teinperature rise at any
point AfY) 3z in the tool caused by the interface [rctional stalionary hcat source
including its image heat source. Referring to Fig.5.6, the toni-chip interface heat source of
length L together with its image source ca-n be considersd as a conbination of a series of
difTerential segmenlal line heat source of width &y, F;ach seemental ling can be considered
as & combination of a scrics of elementary scpments of length dr, and cach in turn can be
considered as & point heat source continucusly liberating heat. The rate of heat liberation

ol such a point heat souree ¢y, is given by

g, = qﬂdxl El"_}"!
H Lw

4

= G, e e e 5.9

Where, ¢y 15 the heat liberation rate of a rectangular heat source in )5, So, fora

uniform reclangular heat source, the heat liberation intensity gn is given by go/l.w in
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Tietn®-s. In this analysis, consider elementary solutions of the one-dimensional diffusion
equalion

O B e e e en[5.10]
o’ A

Now considering the expression

P :J_e['i':_f] OO SO RTRUPUPRRPOPORORUORRURN I3 § |

For this function 1 is readily seen that

Fy ! ! )
2 2 -—— =
¢ x E[ 4*’JJ{M#’2J et e [3.12]

o 2 - 55
or #Alfxz

¥
ap  x* = 1 =
E= : }36 Tar _ Ee Faar (5130
$4t E

showing that function (5.[1) is a solution ol Equation (3.10). Ii shows

immediately that

2 M e s [ 3 1]
2ym At
where & is an arbitrary real constant, is also a solution. Further more if the

function ¢(x) is hounded for all reaf values of x, then it is possible thal the integral

[a—£]

5 :m ajga{g“}i “”]dg PO OO O TP VOREURVRUDUPRRRRRPR . 1 &1

=L

Thus the Poisson integral

¢ e}
ol :}:—"—Jqﬂ»(fs}el"?f*tjdf e e 5.16)
2 i
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is the solution of initial value preblem. Now consideting the Fourier equation of

heat conduction

2’8 &0 38 18

Al L[5.17
' o & Y] [5-17]
This cquaticon is satisfied by soletion of the type
[—{[z—;"]“-'-l: v—v'V4{z=z }I‘I}]
x.p. 2.6)= ———— “ [5.18]
SlrATy?

where heal liberation intensity is unity. If g be the strength of an instantaneous

point source of heat liberating at %', »', 2" at time T={. Then

,- g | e[—({x—:']‘ﬂ;;;‘fﬂs—s'}’]j

sz arVe .[5.19]

Generally instantaneous point heat source solution is taken as fundamental. By

inlegrating with respect to time with a given rate of heat liberation continuous point heat

source solution is obtained. For & continvous point heat source, when heat 15 liberated at a

rate of :;i(T)p C per unit time, fromT =0 to ' =" at a location x’, »', 2", the temperature
rise atx, v,z attime T is

—{[x—;’]' +{u—v ¥ Ha-z }‘”J

j'é{ } [ il =i ]d.t

(i [T T2 3 [5.20]
/| ’ ar
SV
HEALE: {r-7)%
whete B = —[(x - x'}2 +(v=3) + (z - z']z )
If the rate of heat liberation is constant
g=—1 A g .[5.21]

eric
4m)" R e “4 AT ATAR IMAT
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For steady state distribution whenT - a, & = y E; rs So the steady state distribution of
' TA

. , f \ . . .
stationary heat source isé = p :,R I'he temperatore of the semi infinite solid would be
T

two times of this solution. Hence, the steady state solution of stattonary heat source

g = S
2aAR

Using ihis solution, the differential temperature risc at any point M7X, y, z) caused

by enc of the differential clementary point heat source [located at (x; y:) in the coordinate

system used] including its related image point heat source is given by

G | { H
d8, = | —— ldedy e e[ 223
bt ZEA[R‘ _RIEJ 7 .}Jr [ ]

The total temperature rise at any point Mx, y, 2 in the tool caused by the whole

stationary rectangular interface friclional heat source including its image source, is given

by

= i]' f(i+i]cﬁ,dy, et 3.24]

Thus. the temperalurc rise in the tool due 10 whole stationary rectangular interface

frictional heat source including its image source can be calculated from Cquation (5.24)

and iy given by

. F )
g _‘I_J' J' [}-ijxf)][ﬁr+?]dy]dx, et [5.25]



where,

B, = Temperaturc risc in the tool due to the secondary heat source. °C
A = Thenmal conductivity of the tool insert, J/om s °C

L. = Contact lenggh, em

Ww = Width of cut, cm

H = Fraction of the secondary heat source transferred into the chip
N e e s

® = ,j[x—21+xa}z+{y—_v,}z+zz

As high-pressure coolant jet is applied on the tool-rake face, the allected region
on the tool rake face acts as a heat sink. It is assumed that the affected region has an area
of the chip-tool contact length, £, by the width of cut, w {Fig.5.6). The heal loss is
stationary with respect to the tool. The relative location of the imaginary heat loss is
similar to that of the imaginary heal source in Fig.3.6. Thus, the temperature change in the

ool due to heat loss including its image source can be caleulated from Equation {5.23) and

is given by
b *3
i1

g, =—1i_ b L A, e 5,26
r-hl 2?( ir r:[ﬁ Iw R, R: 7 r [ ]

.

z \

where,
8_, = Temperaturc change in the tool due to the heat loss. °C
Gy = Heat intensity of the heat lass due to high-pressure coolant, Jiem-s
R = Ja-xV+l-p) 2
R= Ja-2rx P +(y-p e

In machining with high-pressure coolant jet cooling. part of the heat generated is

removed by the conlant Mowing over the exposed surfaces of the cutting region. In the
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cooling processes the rate of removing heat by the coolant depends on the thermal

conductivity of the coolant, coolant pressure and coolant temperature gradient at the

cooled surface, the latter depending on the Mow field in the coolant. The overall effect of

the cooling actions can be described using a heat transfer cocfficient, h defined by

Gy =0 =) e [ 827
where,

g, = Heat inte:nsity of the heat loss due to high-pressure coclant, Jem-s

i = xﬁwzrage heat transfer coefficient, W/m*-C

8, = Average tool rake face emperature. "C

f, = Ambicni emperature, "C

For forced convection heat transfer, a simplified form representing the heat

transfor coetficient is usually used:

Nu=f(Re, Fr. Generic shape} .......ccociiveeevioeiiccniinininnia e e | 28]
where,
Nu = Nusselt number, L

£i.0
Re = Reynolds number, —

7

O

Fr = Prandul numbet, i
landv = characteristic length and velocity
Ac = Thermal conductivity of the coolant
i = [Densily of the coolant
u = Viscosily of the coolant
Co = Specific heat of the conlant
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In the case of je1 impinging on a surface (Fig.5.7) the hent trmnsfer cocfTicient, A,
depends also on other parameters: normalized je nozzle-to-planc spacing LD jel
inclination angle. a,: displecement of the suagnation point from the geometric centre of the
jet on the impingement surface, £; normalized distance from the stagnation peint 1o a peint
considered on the impingement surface, /DX jet Reynolds number Re=pU¥. Which

latier is based on the diameter of the nozzie, D, and 1he jei velocity et the exit plane af the

nazzle, U

2

' let
Uy | , nozzle

. :
A '\L Je flow

_Stagnation

':" \uj/ pcunt
= _\_lmping{:mcm

surface

Cnn'-ndcr:d point
Fig. 5.7 Schematic view of the jet impinging on s {lat surface

In the present study, the experimenmal work presented by Goldsicin and
Frankchett |1988] on heat tmnsfer from a Mat surface 10 an oblique air jet is considered for
determining the heat transier coclMicient in overhead-jet cooling, Goldstein and Frankcheit

[1988] propased n correlation cquation for the loce) Nusselt numbers in the form

where, D is the dinmeter of Lhe jet nozzle, and, r and ¢ are cylindrical coordinates
for correlation of centours of conslant Ny, For two dimensianal problems, r is Lhe distance

from the stagnation point an the cooled surface, whilst ¢ is determined sccarding 10
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0

s

x
along the side of surface witha, < 3

atong the side of surfoce witha, > %

e [3.30]

The coefficients of the corrclation of Equation (5.2%) are shown in ‘Table 5.1,

where £ is the displacement of the stagnation point as described in Fig.5.7. Good

agreement between the Nussclt numbers calculated from Equation (5.29) and the

experimental values was shown by Goldstein and Franchert [1988]. Unfortunately

Cquation (5.29) is based on cxperimental data for air jets only. However, since the main

differcnce in heat transfer berween air and liquid jets results from the physical properties

of the two media, it is contented that Fquation (5.29) can be modified for liquid jets, this

modification can be achieved by adding the prandtl number, Pr, to the correlation.

Table 5.1 Correlation coelTicient |Li 1996]
e 4 g C E
L/D=4 | f/B=6 | L/D=10 LD=4 | 1/D=6 | L/D=10
g0~ 0.i59 | 0.155 | 0.123 0.37 0.0 0.0 0.0 0.0
60" 2163 | 0.152 | 0115 0.4 0.12 0.8 0.6 0.9
45" 0161 | G146 | 0107 | 047 0.23 12 1.0 1.5
30" 0.136 | 0.124 | 0.091 (+.54 0.34 1.5 1.4 1.9

Prandit does not appear in Equation (5.29), because for air Pr = 0.7 and Pri%

{note that ¥u ¢t P+ is close to unity, Therefore, Equation (5.29} may be rewritten with

prandtl included

e [531]

where 4 is a coefficient corresponding to A in Lquation (5.29). I'rom comparison

of Equation (5.29) and Equaticn (3.31)
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A=—"5=1J224 e [5.33]

where the value of /7 for air was taken at ithe temperature used in Goldstein and
Francher’s experiments [1988], Le. Pr =0.708. Substituting Equation {3.33) into Hquation

{5.31) the modificd form of Lquation (3.29) is obtained.

N i (s +Cesd)| 2 }
NH:Z_D= 7122 APy3 REIM e[ \”] e[ 3.34]

where the coefcients A4, B, ¢ and £} are the same as those shown in Table 5.1,
With the moditied equation, Equation (5.34), the local Nusselt number for both air jets and
liquid jets can be predicted if the relevant value for Pr is provided. Since Pr is composed
entirely of the physical properies of the coolant and is a function of temperalure, its value
is determined according to the averape temperature calculated from he heated surface
temperature and the coolant bulk temperature, Since the flow of the applied coolant is
parallel to the tool rake face and the back side of the chip, the forced convection cffect can
be considered as a (luid flow passing through parallel flat surfaces. The average heat

transfer coeficient can be estimated by the Nussclt number from Jiquation (5.34).

In high-pressure coolant jet machining, the coolant is supplied at high pressure
and flow rame. the relationships between coolant pressure, flow rate and the comespending

heat-transfer coefficient are now considerad.



where, ¢ and ¢ are the density and viscosity of the coolant respectively, I is the

diameter of the jet nozzle and L is the velocity of the jet flow, which is given by.

e [5.36]

Where, (2 is the coolant flow rate, P is the coelant pressure and A, is the cross-
sectional area of the pipe. Considering the effect of coolant flow rate and coolant pressure,

the effective heat transfer coefficient can be given as,

The coelficicnt, £2, can be estimated cxperimentally, With both the secondary heat
source and the heat loss due to convection. the temperature rise in the chip is Af-Af gy,
The temperature rise on the tooi-chip interface is considered the same as that in the chip

and in the tool. The heat partition function 8,7k} is solved by the following relationship.

0., 0., =0_,+t0 4 i [5.38)

If a total of n points are of interest on the tool-chip interface, the same number of
equations can be solved for the heat parition factors, BI”~B{". Subsequently, the

temperature distribution on the tool-chip interface can be obtained.
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53  Experimental Model Validation

The validation of cutting temperatures in high-pressure coolant turmning is verilied
by measuring the temperatures with a tool-work thermocouple located under the tool insert
when turning C-60 steel with uncoated carbide tool inserms (SNMG-120408 and SNMM-
120408, Sandvik) on a lathe under various cutting conditions, as shown in Table 5.2, The
high-pressure coolant is applied through an external nozzle of .50 mm diameter along the
auxiliary cutting edge. The high-pressure coolant system is used to supply the cutting oil of
6.0 I'min at a pressurc of 80 bar. VG-68. cuﬁing oil, is chosen as the cutting {luid. The
cutting forces are recorded by a tool-post dynamometer (Kistler). The arrangement of the

nozzle position and the thermocouple is shown in Fig.3. 1.

Table 5.2 Test cutting conditions for sharp tools

Test No, Cutting speed Feed rate Depth of cut
{m/min} {mm/rcy) {mm)
1 93 0.10 1.0
2 93 (.14 14
3 a3 0.18 1.0
4 93 .22 1.0
5 133 0.10 1.0
& 133 0.14 1.0
? 133 0.18 1.0
8 133 0.22 1.0
O 1586 0.10 1.0
|0 156 0.14 1.0
il 186 0.18 1.0
I2 156 (.22 1.0
13 266 0.10 1.0
14 260 0.14 1.0
15 260 0.18 1.0
16 266 (22 1.0
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Assuming that the heat intensities arc uniform on the shear plane and on the tool-

chip interface, they can be calculated as:

EV -
.= [3.39]
wil
owld,
where,
gp = Heat intensity of primary heal source, Jicm-s
g5 = Heat intcnsity of secondary heat source, J/om-5
F. = Main cutting force, N
o = Feed force. N
¥ = Cutling speed. m/s
w —  Width of cut, ¢m

= Length of shear plane, cm

L = Natural chip-too] contact length, cm

The different heat generations in the cutting zones for dry and high-pressure
coolant conditions are conveyed by the measured cufting forces which represent the
Tubricating efMect in different circumstances. With the oil lubrication, the measured cutting
forces in high-pressure coolant machining arc expected smaller than those in dry culting.
The shear angle. ¢ and the contact length, L. were obtained by [Shaw 1996; Merchant

1945]:

%— L1 1 U URUPIPTRPP b 2]

4 =%~%(ﬁ—a} e e e [5.42)
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t, sl

where,

fs

= Uncut chip thickness. cm

= Friction angle in 2D force culling medel

= Rake angle

= Shear plane angle

A carbide tool inserts (SNMG 120408 and SNMM 120408) with -67 rake angle

and 6° clearance angle was used in this study. The maicrial propertics of the tool inser, the

workpiece and the coolant are listed in Table 5.3. The estimaled parameters according Lo

the measurcd cutting forces for sharp tool are listed in Table 5.4 and Table 5.5,

Table 3.3

Propertics of the inscrt, work material and cufting oil [Shackclford etf. al
1994; ASM handbook 1992]

nsert C 60 steel Cutting oil
Thermal Thermal ‘Thermal Density Prandil Ahsolute | Thermal
conductivity|conductivity] diffusivigy ) nimber viscosity lconductivity
(s} {4} (e} (Fr} (u) (42)
.47 0.43 J3.84 882 X 10° 734 68 X 10™ 0.0015
Yiems"C | Mem »°C cm’fs kgfom® mefs Tiem s °C
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Table 5.4 The estimated parameters for sharp SNMG insert

Environment
Test : :
No. Dry High-pressure coolant
F. F @ Jii L, F F, i i} L.
1 459 | 255 | 15.03 1 5394 | (.048 | 335 180 | 15.84 | 52.32 | 0.046
2 617 | 327 | 16.19 | 51.62 | 0063 | 373 | 237 | 17.50 ; 49.00 | 0.059
3 734 | 364 | 17.71 | 4858 | 0.075 | 592 | 283 | 18.60 | 46.80 | 0.072
4 796 | 385 | 18.31 | 47.38 | 0089 | 636 | 283 | 20.83 ) 42.34 | 0.080
5 430 | 228 | 16.15 | SL.70 | 0045 | 323 I64 | 17.24 | 49.52 | 0.043
6 373 | 285 | 17.66 | 48.68 | 0.059 | 457 | 215 | 18.90 | 46.20 | 0.055
7 657 | 313 | 18.66 | 46.68 | 0.072 | 549 | 249 | 19.72 | 44.56 | 0.069
3 747 | 348 [19.15 [ 4570 [ 0086 | 627 | 256 | 2198 | 40.04 | 0.077
9 423 | M3 | 17.34 | 4932 | 0043 | 322 154 | 18.60 | 46.80 | 0.040
10 506 | 223 | 2040 | 4320 | 0.052 | 430 173 | 22.30 | 39.40 | 0.048
11 587 | 277 | 18.84 | 46352 | 0.072 | 301 226 | 19.85 | 4430 | 0.068
12 603 | 313 | 1985 | 44.30 | 0.084 | 582 | 232 | 2247 | 39.00 | 0.075
13 379 188 | 17.71 | 4858 | 0.042 | 328 151 | 1946 | 45.08 | 0.039
14 473 178 | 23.62 | 36.76 | 0.040 | 412 139 | 25.61 | 32.78 | 0.043
15 547 | 235 | 20.90 | 4220 | 0.066 | 469 190 | 22.14 | 39.72 | 0.062
16 624 | 259 [ 21.66 | 4068 | 0.078 | 360 | 208 | 23.90¢ | 36.20 | 0.072
Table 5.5 The estimated parameters for sharp SNMM insert
Environment
Test :
No. ey High-pressure coalant
F. £ g 3] L. F. F & f L:
! 483 248 | 16.89 | 50.22 | 0.044 | 350 168 | 18.49 | 47.02 | 0.040
2 620 | 311 | 1745 | 49.10 1 0.059 | 447 183 | 21.90 | 4020 | 0.049
3 6Be | 337 | 1792 | 48,16 | 0.074 | 329 187 | 24.78 | 34.44 | 0.057
4 706 | 341 | 18.31 | 47.38 | 0.089 | 373 178 | 27.09 | 29,82 | 0.063
5 467 | 219 | 15.02 | 45.95 | 0.039 | 352 145 | 21.74 | 40.52 | 0.035
b sa7 | 253 | 20,12 | 43.76 | 0.053 | 43] 157 | 24.18 | 35.64 | 0.045
7 67t 254 | 2054 | 4292 | 0.066 | 532 i64 + 27.21 | 29.58 | 0.033
8 704 | 299 | 21.20 | 41.60 | 0.079 | 604 172 | 2846 | 27.08 | 0.062
9 435 182 | 2142 | 41.16 | 0.036 | 350 126 | 24.78 | 34.44 | 0.032
10 542 | 214 | 2264 | 38.72 | 0.048 ) 463 148 | 26.62 | 30.76 | 0.042
11 622 | 241 | 23.07 { 37.86 | 0.060 | 539 143 | 29.55 | 24.90 | 0.049
12 662 | 247 | 23.80 | 3640 | 0.072 | 596 158 | 29.55 | 24.90 | 0.060
13 376 145 | 23.07 | 37.86 | 0.033 | 323 93 | 2820 | 27.60 | 0.028
i4 482 177 | 24.09 | 35.82 ; 0.045 | 406 LG | 2927 | 25.46 | 0.03%
15 533 190 | 24.68 | 34.64 1 0.073 | 477 115 | 30.86 | 22.28 | 0.047
16 621 210 | 2561 | 32,78 | 0.068 | 378 138 | 31.01 | 21.98 | 0.058
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54 Result-s and Discussion

The model-predicted temperatures and the measured temperatures under the tool
inserl for different cutling conditions are shown in Fig.5.8 and Fig.5.9. The deviations are
within 9 % of crrot. Most of the predicted temperatures are a little bit higher or lower than
the recorded temperature. The difference in cutling iemperatures for dry and high-pressure
coolant conditions is closely related to the difference in cutting forces. The grealer the
cutting forces the more heat is generated and consequently the higher cutling temperatures.
Moreover, the average curling temperature reduction, relative to dry machining, on the
chip-tool interface in HPC machining is below 7%. This insignificant effect can be
understood based on the mechanics of the cooling process. First, the tool rake face, where
heat is removed, Is far away from the cutting zone a» compared to the dimensions of the
heat sources, The lemperatures difTerence between the tool rake face and the coolant are
nel as much as that between the coolants Mow emperature and the maximurm (emperature
at the tool-chip interface. ‘T hus, the heat taken away from the tool rake face is relatively
insigmificant. Even if more cutting Muid is applied, the temperature reduction on the tool-
chip interface is still limited by a low heat transfer coellicienl. Secondly. the heat transfer
rate is proportional to the heat coefficient of the medium. In this study, it was found that
the heat intensity for the cooling process is almost two orders of magnitude less than the
heal intensity generated in the primary shear cone or the tool-chip infcrtace. Therefore.

only a small portion of the heat can be removed from the curling zone.
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Fig.5.8 Comparison of measured and predicied chip-tool interface temperature attained

in () Dry and {b) HPC condition in machining C-60 steel by SNMG insert
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Chapter-6

Discussion on Experimental Results

(N | Chip Formation

Chip thickness ratio, # (ratio of chip thickness before and aller cut) is an
importanl machinability indcx of chip formation and specific energy consumption [or 4
siven tool-work comhination. For aiven culting conditions, the value of chip thickness
ralio depends upon the nalurcl of chip-tool interaction, chip contact length and chip {orm all
of which are expected to bt; influenced by high-pressure coolant (HPC) jet in addition to

the Jevels of cutting speed and feed rate. Chip thickness ratio (.} is evaluated {rom the

ratie,

, :Fiz_.n'nq:r
Tt eaE (el i S rrssnmnnrener TP [G.1]
wliere,
fa = chip thickness before cut, ¢m
i = chip thickness after cut, om
@ = shear angle, degroe
a = rale angle, degree

10 machiing cotventional ductile metals and altoys producing conunuous chips,

the value of r. is gencrally less than 1.0 becausc chip thickness aller cut (¢ becomes



areater than chip thickness before cut () duc to abmost ail sided compression and {ricuon

at the chip-too! interface. Smualler value of v, means larger culting forces and friction and is

hence undesirable,

The cllect of increase in ¥ and fand the change in environment on the value of
chip thickness ratio. #, obtained during turning C-60 steel arc shown in Fig.d.10 which

depicl soime significant facts;

i values ol #, Mas all along been less than 1.0
5. reduction of cutting vone temperature by the applicalion of high-pressurc
coolant jet increased ihe value of r further

G the value of r. increased with increase in Fand f

In maclining any conventional ductile metals like steels alwo r. increases with
increases in ¥ due 1o plasticization and shrinkage of shear zone. With the increase in leed
rate (i.c. uncut chip thickness) alse Lhe value of # increascs due to increase in cllective

rake angle of the ol with edge beveling and its cffect [Kronenberg 1943} on re i5 given

by,

-

.’I J
U el ]
....................................................................................... 2
r=e L; ,,,,, [6.2]
where,
[ = apparent coctticient of friction at the chip-tool interface
t = cffeetive tool rake angle



The figures from Fljg.-‘-l.lﬂ 1o Fig.d.12 clearly show that throughout the present
cxperimental du:lmmain the valu{-:'ol" Ve grﬁdual]y incrc;scd with the increase in ¥ though in
different degree for the different tool-work combinations, under both dry and ¥HPC
conditions. The value of 7. usoally increascs with the inerease in # parlicularly at its lower
range due to plasticization and shinnkage of the shear zonc [or reduction in friction and
buili-up edge formation at the chip-tool intcrfiace ¢ue to increase in tom peralure and sliding
velocity In machining steels by tools like carbide, usually the possibifity of built-up cdge
formation and size and strength of the buiit-up edge, i formed gradually increase with the
increase in termperature due to increase in ¥ and also fand then decrease with the funther
erease in ¥ due to 1oo much seficning of the chip material and its removal by high

slding speed,

Fig 4.1 shows that high-pressure coolant jet has increascd the valug of r,
particularly at lower values of ¥ and 1 when the C-60 stec] rod was machined by both the
insers By high-pressure coolant jet applications, r. is reasonably expected 10 ingreasc far
reduction in Jriction at the chip-Lool interface and reduction in deterioration af chfective
rake angle by built-up cdge formaiion and wear at the culling cdoes mainly duc Lo
reduction in cutting temperature. o case of C-H steel, more effective HPC cooling
weeringly cnabled more increase in ». at lower ¥ and fwhen inachincd by SNMM inscrt.
I casc of the other steel specimen, the degree of upsurge in +c has been relatively much
less as can be seen in Figmd.11 and Fizd4.12 for both the inserts, This cun be attributed

mainly to less effective ol high-pressure coolant at the chip-tool interface in case of those

steels, Compared to the C-60 steel, 17CiNiMoo steel and 42CrMod steel yiclded lesser
value of #; (except when machining 42CrMod steel by SNMM insert) possibly for shorer
chip-taol contact length and smoother chip formation respectively. The value of r. has also
heen bess aMected by variation in ¥ and fin case of 17CrNiMob steel as can e seen in the
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cancerncd figures. This might be due to as such more slability of this stecl against seizure

and buili-up cdge formation even under dry machining.

The paticrn of chips in machining ductile metals are found 1o depend upon the
mechanical properties of the work material, ool gemﬁctlry-panicularly rake angle, levels of
¥ and f, nature ol chip-tool interaction and culting cavironment. In absence of chip
breaker. Jength and uniformity of chips increase with the increase in ductility and softness
of the work material, ool rake angle and cu;:ing speed unless the chip-tool interaction is

adverse causing intcnsive friction and built-up edge formation.

Table 4.3 shows that the C-60 steel, whose strenglh and hardness arc much less
compared to that of the other steels, when machined by the patiern type SNMG insert
under dry cendition produced loose arc chips. The geomelry of the SNMG insert is such
thal the chips of this sofler steel (C-60 steel) first came oul continuously, got curled along
normal planc and then hitling at the principal flank of this insert broke o pleces with
regular size and shape. When-machined under high-pressure coolant condition (he form ol
ihese ductile chips did not change but Ithcir back surface appeared much brighter and
wmoother. This indicates that the amount of reduction of temperalure due to high-pressure
canlant enabled favourable chip-took interaction and elimination of cven Lrace of built-up
cdge lormation. Fig.4.13 typically shows thal the same topi-work combination provided

joose are chips when machined with high-pressure coolant jet. The colour of the chips

have also become much lighter i.e. metallic from blue due to reduction in cutting

temperature due to high-pressure coolant jet.

1 15 important to notc in Table 4.3 as well as in Iig.4.14 that the role of Tugh-

pressure coolant jet has been more cliccuive in respect of form and colour of the chips
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when the same steel was machined by the groove type SNMM inscris, Such improvemcnt

can be attributed to effectively larger positive rake of the (ool and better cooling by the jut

coring along the groove parallel to the cutting edyres.

The favourable ¢flects of high-pressure coolant on chip formation were found Lo
be relatively less in case uf the other steels pussibly becalse their stronger chips adhering
intimately on the rake surface did not allow high-pressure coolant to reach and that

elfectively cool the chip-tonl interface when those steels were machined by the SNMG
nserls as can be seen in the ables from Table 4.4 and Table 4.5 as well the higures from
Fie.4.15 to Fig.4.18. However, it is alse evident from the aloresaid tables and ligurcs that
when those steels were machined by the SNMM inserts, high-pressure coolant jet could
provide relalively more favousable effects on chips® form for the reasons alrcady
mentioned. Mowever, the colour of the chips of lh;: alloy z.l;:c]s signilicantly changed with
the application of high-pressure coolant jet for both the culting inserts. This scemingly
happened due to post cooling by high-pressure coolant jet in addition 1o reduction in chip-

- tool and work-too! interface teinperature.

Almost all the parameters involved in machining have dircet and indircct
in{luence on the thickness of the chips during deformation. The degree nt chip thickening
which is asscssed by chip thickness ratio ()} plays siccable role on cutting forces and
hence on cutling cnergy requirements and cutling temperature. The yole of high-pressurc

coalant jot on £ have been discussed in the section dealing with cutling forces,

6.2  Cutting Temperature

High production machining and grinding  are mherently  associated with
seneration of large amount of beat and devclopmenl of high cuting temperature at the

L
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cutting zone. Such high cutting emperature not onfy reduces tool Iife but also npairs the
dimensional accuracy and surface integrity of the compenent produced. Besides, this high
leinperature invites environmenial problems when tried to be contralled by conventional

cuiting fluid application. The cuming temperature and its detrimental cfifects increase with

i increasc in specific encrgy requirement for machining depending upon the
tool materiat and the cutting ool geometry
i ncrease in metal removal rate (MIRR) i.e. cutting speed (¥} and foed rate (f)

i, absence or inadequate or inefTective cutting Nuid appiication

Tool-work thermocouple techniyue is as such sinple and reliable but linuted Lo
measurement of average cubling  temperaiue, The underslanding ol temporature
distribution in the cutting zone under high-pressurc ceolant condition is a prercquisite 1o
the analysts of cutling ol wear behavior. Henee, the modelling of culting lemperature s
been essential for evaluation of culting temperature under ]1Iigh—prc55urc coolant condilion
and also for prccisel}f determining the disitribution of temperature in the culting zone under
any condition. Bul the modelling essentially need to be capable to prediet temperature

distribution reasonably accurately and refiably,

Fig.5.7 shows ihat the valucs of the average chip-toot terface temperature, {
predicted by the used mode] are adequately close agreement with their measured values.
The deviations may be attributed mainly to the assumption that the entire cutling cncegy is

converied into heat. Actually, a small [ragtion of the cutting energy remains frozen in the

chips as residual stran and its percentage decreases with the Increase in the level of the
culling temperature duc to increase in cutting speed (#) and feed rate {#). However, the
deviations between the predicled and the measured temperatures within the domain of the

present study, cxcepting at few poinls, have been within arcund 10%, which is reasonably
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acceplable from engincering point of view |Idng and Hong [99§8]. The patiern of
temperature | distribution at the cutting zonc attained by ihe present model for dry
machining are also matching with the corresponding results reported carlier [Ding and
Hong 1998, Muraka ct al. 1979, Stevenson et al. 1983, Strenskovshi and Kyung-jin
1990 and Tay et al. 1974]. Therefore. the presently used model could be considered

rcasonably accurate and valid [or evaluation of cutting temperature.

A temperature model based en heat source and heat sink mcchanisms for high-
pressure coolant machining is prescated. Wwith cutting forces and the material propertics as
inputs, the average lool-éhip interface temperature are obtained. TE';c cooling cffect in
high-pressure coolant situatlr:-n:s. is modeled as heat losses an the tool rake face and the chip
surface. 1o addition, the lubricating eflect on cutling temperatures in high-pressure coolant
machining is considered by the change of cutting forces which Il{:ad to differcnt heat
intensitics in the cutting zone. For the temperature risc in the chip on the tool-chip
interface, the efleets of the shearing heal source on the shear planc and the frictionat heat
wource on the tool-chip interface are modeled as moving heat sources. For the temperature
rise in the 1ol on the tool-chip interfuce, the effects of the sccondary heat source due Lo
[tiction and the heat loss due to cooling on the too! rake face are imodeled as stationary
heat sources. The results also show that the cutting specd playslan important role for the
temperature rise in wrning processcs, Moreover, the reductian in the culting temperatures
is small by considering the lubricating effect as the reduction in culting forces, and
consequently the cooling effect on the tool rake wear face is insignificant whean the

differences in cutting forces belween dry and high-pressure turning are small.

‘The cutting temperature gencrally increases with the increase in P and S though i

dufferent degree, due (o increased eneray input and it could be expected that high-pressure
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coolant would be more cffective at higher values of ¥ and f. The average chip-tool interfuce
temperature () have been delermined by wsing tool-work thermocouple technigue and
plotted against cutting speed for different work-tool combinations, feed rates and
cnvironments undertaken. The figures from Fig.4.19 to Fig. 4.2] are showing how and Lo
what exent & has decreased duc o high-pressure coolant application under the different
experinental cum-ilitmns, With the increasc in P’I and f, f inc:rc:ascd as usual, cven under
high-pressure coolant condition, due to increase in energy input. The ditference in & noted
for the different work-too! combinations under dry machining and same P/ conditions has
been mainly due to difference in specific encrgy requirement or value of . and £, which
lacgely depend upen the dynamic yicld shear sirength, of the work material and
peotnetry of the cutting tool. The magnitude of £ and [ are apain likely o be aitected by

high-pressure coolant jet which may change the nature of chip-tool interaction and also the

value of 1, Lo some cxtent,

Apparently more drastic reductions in 8 arc eapected by cmploying high-pressure
coolant jet But practically it has nat been 50 becausc the high-pressure coolant has been
employed (n the form of thin jet alonyg the cutting edge and towards only the chip-tool

interfice nstead ol bulk cooting. Also the jet, like any cutting Muid, could nat reach deeply

in the chip-tool interface for plastic or bulk contact. particularly when ¥ and Sfare lurge.

The perecntage saving 1 ¢ attained by high-pressurc coolant for difterent tool-
work combinations, cutting speed and [eed rate have been extracted from the provious
fipurcs and shown in Table 6.1 for different work-tool combinations. Saving (it the eutting

forcos, F, and &, arc also shown in Table 6.2, The talles indicate that the role of variation
of the process parameicrs; ¥ and { and tool configuration on percentage reduction of & as

well as culting forces, F, and F; duc to high-pressure coolant jet have not been uniform for
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the different work matcrials. Table 6.1 shows that in case of C-60 siecl, high-pressure
coolant cnabled sizeable reduction in & as well as 7. and F, ond the degree of their
reduction decreased quite uniformly wilh the increase in f"anu:l V. Also the SNMM type
insert provided more ellective in high-pressure cé:unlm}i machining scemingly through more
sizenhle reduction in the cutting forces, But such trcn-ds are absenl in case of the other two
stecls. Besides that, in case of thase sleels though high-pressure coolant provided Jesser
savings in @ and cutting forces but there is no ¢clear trend in the relation between the
patterns of savings in & and the cuiting forces. This may be attributed to variation in the
chip torms particularly ch ip-h:;ol contact length, Jiﬁ which fora g;ivcn ool widely vary wilh
the mechanical propertics and behaviour of the wark malerial under the cutting conditions,

The value of L. affects not anly the cutting forces bul alsa the cutting temperature.

Table 6.1 Reduction in average chip-togl interface temperatiire duc to high-pressure
coolant jet in turning dilfercnt steels by SNMG and SNMM inscris.

f vV C-60 steel 17CrNiMob stecl 42Cr¥o4 stecl
mm/rev | m/min | SNMG | SNMM | SKMG | SNMM | SNMG | SNMM

03 14.36 16.81 10.10 12.87 11.54 13.97
0.10 133 10.43 14.89 11.44 11.60 10.03 12.41
186 14.15 14.4] 11.87 12.45 14.36 13.04

266 10.09 13.20 12.31 11.42 11.23 12.30 |
93 13.54 1576 | 10.46 1057 | 11.34 |1.89
014 133 11.67 15.22 11.91 11,28 1077 11.39

180 13.80 14.25 | 2.50 [1.58 11.46 10.46
2066 (48 11.55 11.44 11.33 10.40 11.54

93 [4.27 17.01 113.63 12.41 12.14 10.56
018 133 10,44 15.78 11.86 1079 EL.28 1.8
186 11.00 10.04 10,51 11.33 (.43 [1.07
2606 10.24 12,53 11.62 10.26 11.76 10.29
93 13.75 [6.35 10.96 12.09 12.69 10.458
133 10.60 11.08 1165 10.94 10451 11.61
0.22 186 11.25 11.01 10.06 10.41 10.94 i1,96

266 10.70 11.38 -| 1036 10.51 1053 1 0.60




6.3  Cutting Forces
Machinability, i.e. easc of machining any material is fudged by

i.  magnitude of cutting forces
. leyel of cutting temperature
fii. tool wear and tool hife

iv.  surlace integrity of the product

Productivity, product quality and overall economy of machining ol any malterial is
aoverned mainly by s machinalility characleristics which can be improved withoul

scarifying matenal removal rate (MRR) by reducing cutting forces and Llemperaturc and

cnhancing tool fife and surface quality.

Large cutting forces means high specific encrgy requirement jor machining and
high cutting temperature that adversely allect the ol lite as well as dimensional accuracy
and sucface finish of the products. The magnitude of the cutting [orce increascs afmost
proporionatcly with the insrease in chip Joad {f X o} and shear strength ol the work
jnaterial. But, the actual values of cuiting torces arc also soverned by several other factors
such as tool life and machining environment. Howc'vcr: attempis should always be made

to minimize the magnitude of cutting [lorees wilhout sacrificing the MRR and product

quality.

The rale of major factors on the magnitude of (e cutling force components {is

shown in Fig6.1) in machining like turning of ductile materials are penerally expressed by

the following cxpressions,
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1
Fig.6.| Component of cutting forces scting on the toal
Foedfr,(cot o) SRR | % |
I T R 2 I ) ER——— rermrenesneesenne 58]
where,
F; = mngential component of the cutling forec, N

F, = axinl camponent of the curting force {thrust force), N
d e depth of cut, cm

f = feod rlc, mmircy,

1, = shear sirenpth of the work material,

P = shear anple (Fig.6.1) of chip formation

K. is the major component, which alse decides power consumplion, and &, is an

:odirect indicalor of the nalgre of chip-tool indicator like friction, For machining

conventiona! materials producing continuous chips the shear angle g can be replaccd by 7.

a5
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e =-1F——m'.=m -[6.5]
p
then the equations 6.3 and 6.4 become
, ! :
Fo=d fr | et | e SOPPTPOUTURRORURPOR | K.
r
] N
F=dfr, [——.ramx - IJ e vrvnennse srssnennreconni s [0.7]
-

In machining ductile meals, patticulatly stecls, the actual value of t; 1s affecied

| Abuladze 1962] by the values of lool rakc angle and ¥, as,

B L SN [6.8]

where,

F = yltimate tensile strength of the work material at normal condition

A = percentage clongation of the work material

& = average culting strain [Bhatiacharyya 1984 ]

g=coigHianp—al SRS PORREN L 5|
where,

@ = sheuar angle

a = rake angic

The figurcs from Fig.4.10 to Fig.4.12 clearly show that throughout the present
cxperimental domain the value of r eradually increased with the increasc in ¥ thaugh in
different degree for the different tool-work combinations, under both dry and high-

pressure coelant conditions. 1L s alse noted in those {izures that re increased all along alsa



with the merease in '/ expectedly due to increase in average rake angle with increase in

uncui chip thickness,

[

It clearly appears in all the [pures from [ig.4 22 10 Fig-4.27 that both the cutting
force components, Fr and /7 have gradually dccrease;! wilh the increase in F almost in the
apposite way lhe vatue of #, increased. Equations 6.6 and 6.7 also indicate that for the
same chip Joad the magnitude of the cutfing forces are governed mainly by the value of 7.
According to equations 6.5, 6.8 and 6.9, the valuc of 7, also decreascs. though in lesser
degree, with the increase in #. But 7, may also increases to some cxient wilh the increase
in ¥ duc to softening of the work maltcrial by cutting tmﬁpcrature, particularly if it i5 very
high for the work material. Theretore, it can he concluded Lhat the main reasons behind
decreasc in culling fr:rrcnlts with the %ncrcasc in ¥ arc that which cause increase m r, with
incrcase in V. It is also interesting and important to note that though apparently and
according to cguations 66 and 6.7 the magnitude of F. and F; cshould  Increasc
proportionally with the increase in feed rate, T but actually the rate of increase of 2, und £}
with that ol / has been much less, though in ditferent degree for different tool-work
combinations and covironments undertaken, as can be seen in the given [igures. This can
be attributed mainly 1o upsurge in #. wilh the increase in f for Iincrcaac in averape ellective

rike angle of the tool with the increase in uncut chip thickness.

‘T he experimental results are showing that though the 17CrNiMoé and 42CrMod
steels provided much desser value of v, compared 1o that provided by the C-60 steel. the
difference in the culting forees have been quite Joss. This is obvious for higher strength of
the 17CrNiMob and 42CrMod steels. Dut inspite of providing almost same value of 7., the

stronger 17CTNIMo6 oot required lesser cutting forces compared to solter C-60 steel

during dry machining particularly at lower ¥. This can be uxplained by the fact that under
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cutting condition, (he dynanie vield shear strength, o of 17CeNIMo6 steel did not inerease

that muck like that of C-60 stee) dug ta lesser percentage clongation of the former steel.

Fig.4.22 shows thal the main cutting force, £ decreased sizeably when C-60
steel way mlm;hincd by high-pressure coalani jet expectedly mainly for upsurge in r. duc lo
fuvourable change in the chip-too] inleraction and reduction of adversc change in the Lool
rake angle by controtling cutling lemperature., Such reduction in F, has been more
predominulnt rcasonably al lower ranges of ¥ and fwhen high-rpressun: coolant jet was

mare effective.

It is also cvident from Lig4.22 that high-pressure coolant provided more
significant reduction in F cxpectedly when C-60 steel was machined by the SNMM inscrt
whicli enabled more [avourable chip form and larger upsurge in #. by more effective lugh-
pressure coelant. But reduction in & by the application of high-pressure coolant jet have
heen considerably less in case of the other two steels, as can be secn in Fig4.23 and
Fig.4.24 and also in the Tablc 6.2. Inability of the high-pressure coolant jet to reach and
cool the ehip-tool interface effectively and increase . seems 10 be the man reason behind
such lesser reduction in Fg by high-pressﬁre coolant application. However, effect of high-
pressuire coolant jet in respect of F. has been somewhal beticr when these steehs were

machined by the SNMM inserts whick secmingly allowed coolant to reach closer to the

chip-tool interfaces.

Fig.4.22, Fig.4.25% and Table 6.2 coveal that the high-pressure coolant jet had more
favourable effect on F, than on £ expecledly because chip-tool friction and configuration
of the too] rake surface and any change in them have physically more inlluence on F;he

Jirection ol which 1s almost parallel to the rake surface Equations 6.6 and 6.7 also indicate

147



thal any change in vatue of r; would have moie impact (in terms of percenlage variation)

on F, than on F.. It is further evident [rom those figures and table that high-prossure

copfant joi reduced &, alsu more successfully when C-60 sieel was machined by the

SNML] type inscrts.

Table 6.2 Pereentage reduction in cuiting forces due 1o high-pressure coolant in

turning different stcels by SNMG and SNE&_'IM insers

f

mm.rey

V

C-60

sthl

17CrNiMo6 steel

42CrMo4 stecl

m/min

SNML:

SNMM

SNMG

SNMM

SNMG

SN

F.

F

F;

F

Fe

Fi

F. | F

Fe

Fi

Fe | #

03

32y

16.08

1511

2095

873

12.20

12.88(19.94

8.05

13.05

10.55|18.69

.10

133

[1.16

15.28

157

2575

£.52

4.73

11.33{172.25

b.41

13.33

[11.87(1%.89

186

9.14

13.94

13.73

25,88

609

13.22

961 17.40

7.01

13.44

8.08 (17.72

266

8.97

15.78

1137

2293

9.0%

14,192

11.92120.35

483

12.00

7.62 |18.68

93

14.14)

18.76

16.96

2572

26

i6.71

10.87]18.29

§.74

14.01

I1.0819.10

.14

i3}

11.52

[6.2]

14.91

24.00

218

15.03

9.81116.50

G.03

[2.12

042 122,11

186

11.07

14,03

13.01

26,02

0,93

15.83

5.80|14.95

5.44

14.07

7.30|17.08

266

11.2§

17 8%

11.62

20,47

514

1408

G410 )19.49

4.40

i2.38

5.46 [15.03

93

12.53

15.94

14.41

24,80

10.32

16.41

G.91 |17.52

856

12.07

Q.40 |18.73

0.18

133

11.72

16.2%

P1.68

2222

10.39

15.8%

.06 |16.11

7.14

1317

.93 21158

186

11.41

21.56

12.79

26,10

B2

13.49

7.20 |15.80

545

10,16

5.28 |14.08

266

10.03

19.70

9.94

24.88

6.27

10.95

60511591

3.59

8.13

477 1661

0.22

93

11.31

17.63

12.18

23.35

& 8

16.51

11.82|19.78

875

13.82

10.71121.40

153

10,51

[7.30

12.06

22.60

§ 30

15.60

8.33 (1623

a.il

12.97

8.13 [17.17

186

14.01

i0.88

23.39

4.65

11.83

3.4 17.22

4.04

448

535 16.87

260

15.70

b2

2472

2.32

12.42

9,65 13.60

2.67

9.62

3.1910.46

The figures [rom Fig 4.22 to Fig.4.27 as well as Table 6.2 clearly visualise that

reduction in the cutting lorees by high-pressure coolant jet happencd to be much iess in

case of (he alloy steels compared to the C-60 steel. However, in case of thosc alloy steels
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also, the benefit of the high-pressure coolant has been relatively higher in respect ol &

than £, and when those stecls were machined by the SNMM type insers.

6.4 Tool Wear and Tool Life

Machining operations are accomplished vsing cutling tool. The high {orces and
temperaturcs during machining create a very harsh environment for the tool. 1{ cutling
farce becomes too large, the Lool fractures, If cutling temperaturc becomes too high, the

tool material soflens and fails. And If neither ol those conditions causcs tool [ailure,

continua) wearing action on the cutting tool ullimatety leads to failure,

It 15 already mentioned that wear of cutting tools arc gencrally quantitatively
assesscd by the magnitudes of P8, V5, KT ¢te, shown in Fig.4.28, out of which V2 is

considered 1o be the most signilicant parameter al least in R&D work.

It was reported [Paul ot al. 2000 and Scah et al. 1995] earlicr that application of
conventional cuttide fluid does not help in reducing too! wear in machining steels by

carbides rather may aperavale Wwedr.

[t s also evident from ¥ig.4.29 that usual flood cooling by soluble oif could not
reduce flank wear (F8) in any of the carbide inscrts while machining C-60 steel. Such wel
cutling causcs faster oxidation and corrosion of the tool surfaces and rapid micro fracturing

ol the cutung edges hy thermo-mechanical shocks due (0 fluctuation in lemperature and
ctresses, which compensales or ofien surpasses the reduction of adhesion and dilTusion

waoar of (he carbide inserts capected due to cooling and lubrication by the cutling Iuid w
continuous machimng like turning of steels. But application of high-pressure coolant jet

has substantially reduccd growth of ¥3 as can be secn in Fig.4.29. Such improvement by
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high-pressure coolant jet can be atributed mainly to releation of hardness and sharpness of
the cutting cdee for their Ht;ad}-' and inlensive unmi]ng, profection from oxidation and
carrosion and ahsence of h!.li]l-up edpc formation, which accelerates both crater and flank
wear by flaking and chipping. Fig.4.29 also shows that ¥4 increased much faster in case of
SNMG inserts than in SNMM inserts irrcspective of the environments of machining. The
possible reasons have alrendy bcenl mentioned. It appears fmmlthe SEM view graphs in
Fig.4.35, Fig.4.36, Fig.d4.37 and Fig.4.38 that principal flank wear remained more or less

uniform afler machining the C-60 steel specimen under different eaviconments particularly

under high-pressure coolant condition,

The SEM views of the worn oul LI%NMG inscrt after machining C-60 stecl ot a
particular F-fd combination under different covironmentls are shown in Fig.4.35 and
fig4.36 which clearly indicales that usc of conventional cutting Muid did not signilicantly
improve the nature and extent of wear, whercas application of high-pressure coolant jet has
provided remarkable impmvément and even aﬂcrl 4§ minutes of machining, both Hank and
crater wear have been mueh uniform and much smalier in magnitude and withoul any
notch wear, Only a smalt noteh appeared on the auxiliary flank, In the process of
systematic growth of cutting tool wear, the cutting tools usually first undergo rapid wear
called break-in wear al the beginning of machining due 1o attrition and micro-chipping and
then uniformly and relatively slow mechanical wear followed by fuster wear at the end.

But the SNMG tool attained so less wear when used in machining the C-60 steel under

high-pressure coolant condition.

Fia4 37 and Fig.4.38 show that compared (o the SNMG insert the SNMM type
insert worc out much less under both dry, wet and high-pressurc cootant canditions, which

indicates that toof geometry plays substantial role on wearing of too] and also on the
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effectiveness of high-pressure coofant on control of ool wear. This ditfercnce might e

due to straight and sharp cutting cdges of the SNMM inscrrs.

The auxiliary flank wear, which occurs due to rubbing of the tool tip against the
finished sgrfac?, causes dimensional inaccuracy and worsens the surface finish. (hadual
increase in depth of the auxiliwry flank wear, which is proportional 1o the width of that
wear. increases the diameter of the job in siraight turning with the progress of machining.

And the irrceularity developed in the auxiliary culling edge due to wear impairs 1he

surlace finish of the product,

Fig.4.35 and Fig.4.36 show that alter machining the C-60 steei rod for 48 muutes
under dry condition the SNMG inser attained sizeable wear with wide notch at the
auxifiary flank. Wet machining under the same condition has not provided any significant
improvement rather the notch has become much decper cxpeetedly for added chemical
wear. Whereas, high-pressure coolant application hus resulted much lesser wear and
unilform wear, Fig.4.32 also shows that the value of avcrage auxiliary Nank wear, F5 nol
only grew quite rapidly when machining by the SNMG inserts under dry as well as wet
condition. Application of high-pressure coolant jet, which is aligned towards 1he auxiliary
kept the magnitude and rale of growth of ¥5 all along much low even upte 48 minuics of
machining. The adverse and favorable effecls of respeetively wet and high-pressure
coolant machining on auxiliary flank wear of SNMM type insen are also evident 1n

Fig.4,32 and Fig.4.38 respectively.

The results of the experinental study presently carried out on tool wear in
machining C-60 sieel under diflerent environments clearly depict Lha in machining stecls,

al least like C-60 steel, by carbide inserls, application of conventional method and type of
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cutting fiuid Yike soluble oil does not Lelp in reducing wear or improving tool life. But
proper application ol high-pressure coolant in Lhe form of jet provides substantial
improvement. Such benefit of high-pressure coglant jot may be attribuled mainly o
reduction of abrasive and chemical wear at the tool flanks and also possible control of
chip-tool interaction and thercby built-up cdge formation which not only adds flukimg wear

but also accelerates chipping of the cutling edges by inducing vibration,

Tn machining research. a cutting tool is generally said to have failed when its ¥l
reaches a specific value, mostly 300 pm. It is very 1mpuruint to nole in Fig.4.29 that ool
fite has improved from 22 minutes to 45 minutes in case of SNMG inscrts and {rom about

19 minutes 1o 48 minutes in case aof SNMM inserts, i.c. almost by two to three times

increase in tool life have buen possible by high-pressure coolant. Or in other words, for
same span of tool life the material can be machined at much higher cutting speed, which

will drastically enhanee productivity and econemy if such cooling technique be cmployed.

Cutting tool wear and tool life tests usually consume ot of tune and work
material. Inspite of that in case of C-G0 stecl machining was continucd over tong pericd
i e. 20 (0 50 minules to explore thoroughly Lhe nature and extent of growth of the different
faatures of tool wear till recaching the stage of tool Faflure ie. ¥B is close
tofreachesfexceeds 300 um. But for the other two stecls, the ool wear lest runs wene
discontinued when the trend of zrowth of wear and effeet of high-pressure coolant on that

become adequately clear.

‘The mechanism and rate of growth of cutting tool wear depend much on the
mechanical and chemical propertics of toel and the work materials and their behavior

under the cutting condition. Fig.4.30 shows that VY grew quite fast in both Lhe inserts in
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machining 17CrNiMo6 steel expeetedly for its higher strength and hardness, But high-
pressure coolant jet enabled sharp reduction in MO with the progress ol machining. In
uninterrupted machining of ductite metals by taols like carbides at reasonably high Fand £,
crater wear js governed mainly by adhesion and diffusion for rubbing at higher stresses
and temperalure and [lank wear mainly by abrasion for lesser pressure and tomperaturc,
But adhesion and diffusion type temperature sensitive wear may also oceur, i addition 1o
abrasion wear, at the 100l flanks if the flank temperature becomes high, Tuming of ductile
but strong mcetal fike 17CrNiMo6 sfcel at reasonably high F {193 m/min} and f {0.18
mm/frev) under dry condition is expected 1o cause sulficlently high temperature at the tool
fianks. Therefore, adhesion and diffusion are also likely to have contributed in the iTank
wear in the preseni case, and hiph-pressurc coolant jot seemingljl.f prevented such

temperatire sensitive adhesion and diffusion as well us reduced abrasion wears,

Tt appcurs from Fig.d.29 and Fig.4.30 that compared to the C-60 sleel, the
[ TCINiIMoG Isteel specimen provided relatively lesser flank wear for both the tools and
bath the covironments. B-ut while machining 17CrNiMo6 stee] the main cutting edge of the
inserts were found o suffer from chipping and flaking seemingly due to formation of
minute built-up edye. However, in machining this steel also VA have sufMcicnily decreased
{or bath the inscrs by high-pressure coolant jet application as ¢an be seen in Fig.4.30. Like
FR. FS has also been guite Jow in machining this steel as can be scen in Fig.4.33, Tig.4.40

and Flg.4.42. High-pressurc coolant has reduced auniliary flank wear as usual and more

effectively due to easicr entry of high-pressure coolant jet.

The SEM views of the wors out inserls afier machining of 17CrNiMo6 stec! for
different Limes spans, shown in Fig.d.39, Fig.4.40, Tig4d.41 and Fig.4.42, qualitatively

indicate that high-pressure coolant has provided sizeable reduction in overall wear of the

153



insers. 1t cleatly appoars from Fig.3.59 and Fig.4.4]1 that the principal flank ol the SNMG
and SNMM inserls attained wide flaking whilc .dry machining of 17CrNiMo6  stecl
cxpectediy for high strenpth and hardness {I;I" this sweel. But such detrimental flaking
remarkably decreased, as can he scen in Fig4.30, Fig.4.39 and Fip.4.41, when high-
pressure coolant was employcd, which reduccd both ahrasive and chemucal wear at the tool
Fanks. Fig.4.39 and Fig.4.41also show thut flank wear occurred morc or less uniforiuly
alang the main cutting edge of both the tools and under bolh the environments in
machining the 17CiNiMo6 steel. Subslantial reduction in average ausihary Tank wear, FY
in SNMG and SNMM inserts enabled by prescnl high-pressure coclant in machining

17CHNIMo6 steel has been revealed in Fig.d.33, Fip.d.40 and Fig.4.42,

Beneficiat role of high-pressure coolant on toal wear has been found to be more
predominant in case of machining the high alloy steel, 4?CrMa4 steet, The SMMG insert
failed by large fractoring, as shown in Fig.d.43 and Fig.4.4d4, within 14 minutes of
machining this steel under dry condition at the Fof-d levels undertaken. Bul high-pressure
coolant ai]m-;cu:l machining smoothly (Uig.4.31) cven upte 20 minutes alter which a part of
the main cutting edse was found to chip-oll {Fig.4.43} and Mank wear also pol aggravated.
But interestingly, the SNMM inscrt survived in dry machining at least up to 13 minutes
though attained wider Mank wear (Fig.4.3]1 which, again, remarkably decreased by high-
pressure caoling allowing machining at least upto 13 minules after which macro chipping
started occurring al the main cutting cdge. While machining this stecl, no nolehing was
found 1o develop in any of the im-.t:rts cven under dry machining condition possibly for less
hardenability and more chemical stability of Lhis stecl. Fig.4.34 and Fig.4.44 and Fig.4.46
are showing the beneficial role of high—p]cs:surc eoolant jet on VE;‘ in machining 42CrMod

steel by SNMG and SNMM type carbide inserts.
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The T ol the cutting ool like twning inscrt is generally evalualed ot the basis-of
the Timiting value of average Mank wear, FI, But depending upon the situation, deptl of
crater wear, AT afone or topether is also used. lor machining ductile malerial, which

causes crater wear, even croding the cutting cdge, the amount of culting cdge depression

may be laken as tool life criteria.

However, considering FH=300 pm as tool life criteria, the approximate tool lile
values obtained for both the inserts (SNMG and SNMM) under dificrent condilions have
been prescnied in Table 4.6.The praphical representation of 100! life shown in Fig.4.47 and
fig.4.48 depict that in machining C-60 steel by uncoated carbide lool, the ol lifc
decreases with the increase of ¥ and fas usual under all the covironments undertaken. Tool
Iife improved to same extent particulurly when this material was machined al relatively
Jower ¥ and 7/ but high-pressure coolant jet enhanced toal life more pronowncedly though
the benefit gradually decreased with the increasc in culting speed and feed rate. The
present high-pressure coolant sysiem increased tool Jife by 30% to 75% when taening C-00

steel by SNMG insert and 80% Lo 140% when machining by SNMM inscrt.

6.5 Surface Roughness

Surface finish iy also an important index of machinability or grindability because
performange and service life of the machined/ground component are olten allected by its
surface finish, nature and extent of residual stresses and presence of surface or subsurface
microcracks, 1t: any, palrlicular]y when thal component is to be used under dynamic loading
or i conjugation with some other mating pirl(s) Generally, good surface {inish, il
cssential, is achieved by finishing processes ke grinding but sometimes it is left 10

machining, Cven if it is 1o be finally finished by grinding. machining prior to that needs to
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be done with surlace roughness as low as possible to facilitate and economize the grinding
operation and reduce initial surface defects as far as possible. The major causcs behing
development of surface roughness in continuous machining processes like wming,

particularly of ductile metals are:

i [ced marks or scallop marks inherently Left by the toal tip
. bullt-up cdge formation, if any
iii.  vibration in the toal wark systemn

iv.  irrceular deformation of the tool nose due to chipping, wear and { racturing

The surface roughness geometrically cansed by focd marks enly depends upon the

valuc of feed rate, fand the tool nose radius, ras

_ -

where, f, 15 the peak value of the feed marks as schematcally shown by olfsct
BLY in the Fig.6.2 (b}, In actual machining, often the peak value fr,, may decrease, like from
BD to EF as schematically shown in Fig.6.2 (b) duc to rubbing over the feed mark ridges
by the inner sharp edge of the flowing chips. Further deterioration may occur 4s indicaled
in Fig.6.2(c) due to micro or macro deformation of the culling cdge by mizro chipping,
fracturing, wear ctc. at the taol tip. Besides BUE formation if any and vibrations for any

reasen also aperavates surface roughness.

The [evel of feed rate, fdircetly and atmaost proportionalely poverns the surlace

roughness in machining by singie point cutting tools but the valuc of cutting speed ¥ alsa
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affects the pattem znd extent of surfoce finish, though indirectly through deformation of

the 100l nose profile, BLUE formation and vibrotion.

™ e e
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Fig.6.2 Pattern of surface roughness in tuming

+Fig.4.d9 shows the variation of Ra valucs of surface roughness after 45 sceonds of
turning the C-60 steel rod a difTerent ¥-f :;umbinaticms under dry 2nd high-pressure
coolamt condition by the (n) SNMG ond (B} SNMM inserts. Assuming sinusoidal
distribution of surface roughness causcd ondy by lecd marks, the Rer velues far the presem
inserts having 0.8 mm nosc radius have been evaluated and found o be around 0,53 pm,

1.08 pm, 1.30 pm and 2.67 pm for £ equal ¢ 0.10, 0.14, 0.18 and 0.22 mmircy

respectively. Bt the actual values of Ru have been much larger than the aforesaid values
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cxcepting when I and [ are vlcry large. This indicates that in the present machining
conditions, the cffects of chipping, wear and noiching of the auxiliary flank near the ool
tips on surface roughness are prevalent, Duilt-up edge T ort;latin‘n ts also guite likely to have
some rofe on surface roughncss in machining the prescnt steels by catbide inserts. In some
of the present conditions, particularly with the increase in ¥ and £, the acteal Ru value has
been even lower than the corresponding Ka value expected only duc to feed marks as can
be secn, for instance, in Fig.4.459. This might be due to either irencation of the fecd marks
as has been indicated in Fig.6.2(¢) or flatlening of the radiuscd tip of the cutting insert by
more rapid break-in wear due o infensive temperatime and pressurc. Simultancous action

ol both the factors is also possible.

Fig.4.49 cicarly- 5h1;u1a.'s-that surface rouglness as such increased with the merease
in feed rate, / and decreased with the increase in V. Inerease in f raised Ra manly
according to the equation 6.10. Reduclidn in Rz with the increase in ¥ may be attributed to
smouother chip-tool interface witl lesser chance of built-up edge formatien in addition lo
pémihlu truncation of the feed marks and slipght flattening of the tool-tip. Increase in P may
also causc shight smoothing of the abraded auxiliary cutling edpe by adbesion and
diTusion tvpe wear and thus reduced surface roughness. 1L is cvident in Fig.4.49 that high-
pressure coolant could provide marginal improvement in surface finish at the beginning of
machining with the fresh cutting edges. This has been mare or less true for all the work-

ool combinalions undetaken as can be seen in Figd.49 o Figp.4.51. The slight

improvement in surface ttnish by high-pressure coolant might be due to reduction in break-
in wear and also possibly reduction or prevention ol built-up cdge formation depending
upon the work material and -:uttiugpunditiqn. Compared 1o C-60 steel, the alloy stecls
{17CrNiMob steel and 42CrMod stecl) showed !-cs.scr effect of ¥ and high-pressure coolant
on surface roughness. This may reasonably be attributed 1o more stability of those steels
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against attrition and built-up edge formation. It is also 1o be noted that there was no
significant difference In Ra values _prcwin:_ic@ by the present bwo types of inscrrs within such
a shorl period of machining any steel. Therefore, any difference observed in Ra valucs
provided by the dilferent alloy steels may be attributed mainly to dilference in break-in

wear and nature of work-tool interaclions.

Surface roughness for each treum'lncr-tt was also measured at regular intervals while
carrving out machining for tool wear study. Tt way found that surfacc roughness prew
substantially, though In different degree under different  tool-work-cnvironment
combinations, with the progress of machining, Comparison of the figures from Fig.4.52 10
Fig.4.54 with those {rom Fig.4.32 to Fig.4.34 reveals that the pattern of growth of surface
roughness bears close similarity with that of growth of auaitiary flank wear, ¥§ in
particulur. This has been more or less truc for all the tool-work-crvironment combinations
underiaken. Such observations indicate distinet correlation between auniliary flank wear
and surface roughness also like dimensional deviation, Wear al the too! flanks is caused
mainky by mcro-chipping and ahrasion unlike craler wear where adhesive and dilfusion
wear are predominant particularly in mmachining steels by uncoated carbides. Uhe minute
prooves produced by abeasion and chipping raughen the auxiltary cutting edge at ihe tool-
tip, as has been ndicated in Fig.4.28, which is durectly reflected on the fimished surface.
Built-up edge formation also is likely to affect surface finish dinectly being particulariy
sticked to the cutting cdge as well us finished surface and indirectly by causing chim;ing

and flakung at the ol tp.

Fip.4.52 clearly shows that machining C-60 stee! by both SNMG and SNMM
type carbide inscrts results sizeable surface roughness with the progress of dry machining.

Wel cutting, which agpravated auxiliary fank wear (Fig.4.32), has further deteriorated the
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surface whereas. like V5 and L'liIT]CI'ISiDﬂEiIt deviation, surface roughness also decrcased
substantially by application of high-pressure coolant jot (Fig.4.52). In casc of alloy steels
{Fig.4.53 and Fig.4.54}, which as such produced higher surface roughness under dry:
machining expectedly due to mare intensive temperaturc and stresses at the tool-tips, high-
pressure coolant jet appearcd to be more effective in reducing surface roughness as 1t did
for aumllalry flank wear. Hmaflcw:r, it is evident that high-pressure coolant jet substaniially
improves surface linish depending upan the work-tool materiats and mainly through

controfling the deterioation of the auniliary cutting cdpe by abrasive, chipping and built-"

up cdge formation.
6.6 Dimensional Deviation

High-pressure coolant provided remarkable benefit in respect of contrelling the

\ncrease in diameter of the finished job with machining time as can be secn in Fig.4.35. In

plain turning the tinished job diameter senerally deviates from its desired value with the
progress of machining i.e. along the job-length mainly for change in the effective depth of
cut duc o several reasons which include wear of the tool nose, over all comphiance ol the
Machine-Fixture-Tool-Work (3-F-T-}#) system and thermal expansion of the job during
machining followed by cooling. Therefore, if the M-F-T-W .sys-tcm is rigid, variation in
diameter would be governcd mainfy by the heat and cutting temperature, With the increasc

in tcmperature the rate of growth of auxiliary Nank wear and thermal expansion of the job

will increasc. [ligh-pressure coolant takes away the major portion of heat and reduces the

fecmperature resulting decrease in dimengional deviation desirably.

Fig4.35 and Fig.4.32 show that the nature of increase of dunensional deviation

with the progress of machning C-60 sicel 10d is quite sinular 1o that of growih of S8 [or
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hoth the inscrts Dimensional inaccuracy has been respectively enhanced and reduced by
application of soluble oil and high-pressure coolant, eapetiedly, in the way F§ has been
respectively raised and reduced. Therefore, increase in diamcter is alinost directly related
to that of average auniliary flank wear. Howeyer, it is c[ularlthat use of the conventional

cutting flud significantly aggravated dimensional inaccuracy which on the other hand

substantially decreased by high-pressure coolant jot.

The machining tests condueted for studying the role of high-pressure coolant on
dimcns[n-nal inaccuracy were separately caitied by (resh inserts after completion of tool
wear tosts, Dimensional deviation, [or cach tool-work-environment combination, was
measured along the jog axis after one complete pass. It cun be noled in Fig.d.56 and
Fig.4.57 that both-17CrNiMo6 and 42CrMod steels resulled much lesser dimensional
deviation. even under dry machining, compared to that msulted by the C-60 sieel
(Fig.4.55). This difference scems to be duc ta much lesser breah-in wear or initial wear

and abscnce of notching at the auxdiary flank of the inserts as can be seen in Fig.4.40,

Iig.4.42, Fig.4.44 and Fig.4.40.

Fig.4.56 shows how dimensional deviation decreased spectacularly in case of
machining 17CeNiMo6 steel by any of the inserts due lo high-pressure, which cnabled
quch reduction in FS (Tig.4.33) also. While machining 42CrMod steel at 193 in/min, the
SNMG Tnscrt failed and both the tools attained sizeable edge-chipping. ‘That speed might
be 0o high for machining this alloy steel by uncoated carbide inserts. But under such
condition alse high-pressure coolant was found to reduce dimensional devialion quite
substantially, particularly in case of SNMG insers, as can be secn in Fig.4.57. Here also,

the effect of high-pressure coolant on FS (Fig-4.34) shows similar trend.
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Chapter-7

Conclusions and Recommendations

7.1 Conclusions

This study led to the evaluation of the effectivencss of the high-pressure coolant
system, The feasibility of improving the machinability of differcnt materials was also
explored in this study. The results clearly indicate the advantages of using high-pressurc
coolant over dey and flood conling while machining thesc malcrials. Bascd on the

observations made and the eapermental results obtained, the following conclusions are

made:

I The prosent high-pressure coolant system cnabled reduction in average
chip-tool interface temperature upto  17% depending upon the work
materials, ol eeometry and cutting conditions and even such apparently

omall reduction. unlike commen belicf, enabled signilicant improvement in

the major machinabulity indices.

The application of coalant {water soluble oil) did not improve machinability -

rather acceleraled auxiliary tool flank wear, dimensional inaccuracy and
wurface roughness in machining C-60 steel by cnhancing chipping and
chemical wear at the cutting edges particularly at the auailiary culting edge

where stresscs and temperature are relatively higher,



ii.

iii.

The predicted values of the chip-toel interface temperaturc have been in
close agrecment with the corresponding experimental results. The deviation

might be due to the several [actors which have some influcnce on the

cutting temperature but could not be incarporated in the madel.

Due to high-pressure coolant jet, the form and colour of the steel chips
became favourable for more cffective cooling and improvement in nature of
interaction at the chip-twol interface. In the casc ol application of high-
pressure coolant jel tirough an external nozzle, [riction is reduced at the
chip-tool interface due to the fragmentation of the chip by the impunging jet

which prevenls ntimate contact at the chip-too] interface, conscquently

leading to bending and welf breakage of chips.

Tligh-pressure coolant enabled favourable chip formation maodes leading 1o
reduction ol the euting forees by about 5% to 27%. F, decrrased more
predominantly than . Such reduction has been more effective for those
tool-work combinations and cutting conditions, which provided lower value
of, chip thickness ratio, » for adverse chip-tool interacticn causing targe
[riction and built-up edge formation at the chip-tool inlerface. Favourable
change in the chip-tool interaction and retention of cuting cdge sharpness
due to reduction of cutting zone temperature scemed to be the main reason

behind reduction of cuming forces by the high-pressurc coolant jet.

High-pressure coolant jet reduced the cutting tool wear, flank wear i
particular in machining the steels by the carbide inserls undertaken. which

would cnable eilher remarkable improvement in tool lile or enhancement of



¥.

Wi,

nroductivity allnwing hipher cutting speed and feed rale. Such reduction in
too) wear might have been possible for retardation of abrasion and notching,
decreasc or prevention of adhesion and diffusion type thenmal sensilivily
wear -al the flanks and reduction of built-up edge formation which
accelerates wear at the cutting cd-gcs by chipping and flaking. Notching and
grooving, which are very detrimental and may cause premature and

catastrophic failurc of the culling tools, are remarkably reduced by high-

pressure coolant jot.

The present high-pressure coolant system inercaséd tool [ife by 30% to 15%

when turning C-60 stecl by SNMG insert and 80% o 140% when

machining by SNMM insert.

The surface finish obtained is much betler than that eblained in the case of
dry machining. Under certain condition, the surface Tinsh obtained with the
use of high-pressurc coalant is comparable to that oblaned in case of
prinding operation. The welding of hot chip to the cutting edge which 15 a
common problem while machining ductile sieel is completely climinated
with the application of h igh-pressure c00llantjet, lea.ding io an improvemenl

in surface quality and tool lite.

Dimensional accuracy also substantially improved mainly due 10 significant

redustion in cutting lemperature due to application of high-pressure coolant

jet.

The geomelry of cuiting lools played significant role on the degree of
improvement in machinability of the sieels by high-pressure coolant jet
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which becomes more effective when the tool geometry allows more

intensive eooling of the clup-toel inlerface and the tool Nanks.

Further, the cnhanced effcctiveness of the coolanl/lubrication by applying
the culting oil at high-pressures in the form of a narrow iel, Icads to a
reduction in the guantity of the cutting oul being used, reducing the amount
of disposal, which is a primary cencern of cnvironmental protection

aulhorities,

7.2 Recommendations

In this research work onfy one high-pressure coolant (HPC) jet is applicd
along the rake surface. Other application methods, for example, along the
main cutting edge and flank suiface, can be further investigated in the
future. The besl solution of application methods to control cutting

temperature, forces, tool wear and product qualiy can be offered through

studying those conligurations,

Al testing presented in thiv work used uncoated carbide insert with SNMM
and SNMG ool geometry, although it is not capected that this geometry 15
optimal for any or all cases. Pr-evious work has shown that tool types and
seometry affects nearly sverything about the process. chip formation mode,
culling temperature, cutling forces, too] wear and lailure, surface finish,
residual stresses. &nd while laver generation. The types and geomelry of the
culting too! should alse be considered in dry and HPC cutting because the

type and peometry of the culling tool is an important laclor lor

machinability of steel.



ii.

In this rescarch work an analyiical model for cutling temperatune is
developed. For “better understanding other amalytical models can be
devcloped to predict cutting forces, tool wear, tool lile and surfacc

rouzhness under high-pressure coolant (HPC) condition.

In this work, the patiern of flow is not considered. So for future
invesligations the pattern of flow of jet can be measured, i.e., whother it is
laminar or turbulent. Though wrbulent flow is able to transporl more heat in
comparison to [aminar jet, but for more thilnning of jer lamina flow jet is
preferable, With increase in oil pressurc, Mow rate and nozzle tip diameter,

the effeetive laminar flow pattern for more effective and zflicient cooling

can be easily maintatned.

This research work only focused on the cffect of high-pressurc coolant
{1IPC) jet on machinability ol stecls like chip formation made, culling
temperature, forces, tool woear and product quality. To achicve a beller
understanding of the machining process planning with environmental
concerns us a lacter of consideration, the cutting fuid alomization behavior
in high-pressure coolant (HPC) tuming process in order to estimale the

resulting air guality can be further investigated in the future.
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