A Comparative Study of Air-Cooled
Metal Machining with Dry
Machining

A Project Thesis
By

Md. Lutfor Rahman

Submitted to the Department of industrial & Production
Engineering, Bangiadesh University of Engineering & Technology,
Dhaka, in partial fulfillment of the requirements for the degree of
MASTER OF ENGINEERING in Industrial & Production

Engineering.

TTVTer o

.

e e

g
Ste g T

Department of Industrial & Production Engineering
Bangladesh University of Engineering & Technology
Dhaka-1000

October, 2003

Hil IR

jrs



The thesis titled A Comparative Study of Air-Cooled Metal
Machining with Dry Machining, submitted by Md. Lutfor
Rabman, Roll No. 100108008F, session October 2001, has been

accepted as satisfactory in partial fulfillment of the requirement for
the degree of MASTER OF ENGINEERING in Industrial &
Production Engineering on October 2003.

BOARD OF EXAMINERS
1. E\EE' 1 -
Dr. Nikhil Ranjan Dhar. Chairman
Associate Professor {(Supervisor)
industnal & Production Engineering Depariment
BUET, Dhaka.
2 QP%-JHL—-—**
Dr. Md. Golam-Mahiuddin Member

Professor & Head

Industrial & Production Engineering Department
BUET, Dhaka.

!
3 et

~
Dr. A. ¥. M. Masud Member
Assistant Professor

Industrial & Production Engineering Department
BUET, Dhaka.

Department of Industrial & Production Engineering
Bangladesh University of Engineering & Technology
Dhaka-1000

QOctober 2003



Declaration

[ do hereby declaré that this work has been done by me and neither this
thesis nor any pan of it has been submitled elsewhere for the award of any
degree or diploma except for publication.

Countersigned W
oy % fo 3

Dr. Nikhil Ranjan Dhar Md. Lutfor Rahman
Supervisor & Associate Professor

Industrial & Production Engineering Department

BUET, Dhaka



Acknowledgements

The author is deeply indebted to Dr. Nikhil Ranjan Ijhar, Associate Professor
of the Deparment of Industrial and Production Engineering, Bangladesh
University of Engineering and Technology for his guidance, help and
encouragement throughout the prograss of the project work.

The author also expressed his gratitude to Dr. Md. Golam Mahiuddin,
Professor and Head of department of Industrial and Production Engineering,
Bangladash University of Engineering and Technology for his support and
kind interest in this project work. The author is grateful to Dr. A. K. M. Masud,
Assistant Professor of Industrial & Production Engineering Departmeant,
BUET, Dhaka.

The author would like to acknowledge his sense of gratitude to the honorable
Vice Chancellor, Khulna University of Engineering & Technology (KUET),
Khulna and Head, Industrial Engineering & Management Depariment, Khulna
University of Engineering & Technology (KUET), Khuina for providing him
facilities and assistance to make possible to complate the course.

The author is deeply indebted to Md. Latifur Rahman and Md.
Tarequzzaman, under-graduate studant, IPE Department, BUET for their
help at various stages of the work. A special word of thanks ig dua to all stalf
members of Machine Tools Laboratory for their helps in conducting the
expenmental work.

Finally, the author offers hia sincere thanks to all those who either directly or
indirectly helped him in various ways to complete this project thesis.

October, 2003 Author



Abstract

Strained environment is a global problem. In metal industries the use of
coofant has become more problematic in terms of both employee health and
environmentat pollution. It is said that the use of coolant forms approximately
8-16 % of the total produclion costs.

The traditional methods that use coolants are now obviously becaming
obsalete. Hence, it is clear that using a dry cutting system has great
implications for resource preservation and waste reduction. For this purposa,
& new coaling system is Heaigned for dry cutting. This research work
prasents the new eco-friendly cooling innovation and the benefits gainad by
using this method. In order to compare the performance of using this system,
culting experiments were cammied out. A series of tests were performed on a
horizontal turning machine.

High production machining at high cutting velocity and feed generates large
heat and high cutting temperature, which shortens the tool life and
deteriorates the job quality. This problem becomes more acute when the jobs
are difficult to machine and are to be used under dynamic icading. The
conventional cutting fluids are net that effective in such high production
machining particularly in continuous cutting of materials likes steels. Further
the conventional cutting fluids are not environment friendly. The disposal of
the cutling fluide often leads to local water pollution and soil contamination.
Recycling and reuse of conventionai culting fluids are further problem,
Machining of soft, sticky and ductile materials yields long continuous chips
and rapid tool wear due to inefficient action of the cutling fluids. [n the
present decade, with increased environmerntal awareness, the researchers
are siriving to develop environment friendly machining technology; one such
technology is to use cooling air. The benefits of reduction in machining
temperature ara significant reduction in cutting force and feed force. The
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bensfits of coaling air are dependent on the process parameters and the tooi
gecmetry.

Compared to the dry machining, cooling air machining performed many
superiors mainly due to subslantial reduction in cutting zone temperature
enabling favorable chip formation and chip-toal interaction. It also providaes
substantial reduction in tool wear, which enhanced the tool life, dimensicnal
accuracy. Furthermore, it provides envionment friendliness {maintaining
neat, ciean and dry working area, aveiding inconvenience and health hazards
due to heat, smoke, fumes, gases efc. and preventing poliution of the
surroundings) and impmveg the machinability charactenistics.
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Introduction

1.1 High Production Machining under Friendly
Environment

Any manufacturing process for ita fruitful implementation essentially needs to
be technelogically acceptable, tachnically feasible and economically viable,
The fourlh dimension that has been a great concem of the modem industries
and soclety is environment-friendliness in and around the manufacturing
shops.

The performance and service life of engineering component depends on their
material, dimensional and forms accuracy and surface quality Machining
and grinding to atlain the desired accuracy and surface integrity finish the
preformed blanks.

The growing demand for higher productivity, product guality and overall
economy in manufacturing by machining and grinding, particularly to meet
the challenges thrown by liberalization and global cost competitivenass,

insists high material removal rate and high stability and long life of the culting
tools.

But high production machining and gnnding with high cutiing valocity, feed
and depth of cut is inherently associated with generation of large amount of

heat and high cutting tempereture. Such high cutting temperature not only



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

Longer cuts under high cutting temperature cause thermal expansion and
distorlion of the job particularly if it is slender and smali in size, which leads
to dimensional end form inaccuracy. On the other hand, high cutling
temperature accelerates the growth of tool wear and also enhances the
chances of premature failure of the tool by plastic deformation and thermal
fracluring. The surface guality of the products also deteriorates with the
increase in cutling temperature due to built-up-edge formation, oxidation,
rapid corrosion and induction of tensiie residual stress and surface micro-
cracks. These problems are more predominant in grinding where culting
temperature is, as such, very high due to much higher specific anergy
requiremeant and culting velocity. Such problem becomes more acute and
serious if the work materiais are vary hard, strong and heat resistive and
when the machined or ground part is subjected to dynamic or shock [oading
during their functional operations. Therefore, it is essential to reduce tha
cutling temperature as far as possible.

in industries, the machining temperature and its delrimental eflects are
generally reduced by:

*  proper selection of process perameters and geometry of the cutting
tools

. proper seleclion and application of culting fluid

* using heat and wear resistant culling tool materials like cerbidas,
coated carbides and high performance ceramics {CBN and diamond
are extremely heat and wear resistive but those ara too expensivae and
are justified for very special work materials and requirements where
other toals are not effective)

Cutting fluid not only cools the tool and job but also provides lubrication and
cleans the cutling zone and protects the nascent finished surface from
2



contamination by the harmful gases present in the atmosphere. But the
conventional types and methods of appiication of cutting fluid have been
found to become less effective. With the increase in cutting velocity and feed,
the cutting fiuid cannot properly enter the chip-tool interface to cool and
lubricate due to bulk plastic contact of the chip with the tool rake surface.
Besides that, often in high production machining the cutting fluid may cause
premature failure of the culting too! by fracturing due to close curling of the
chips and thermal shocks. For which application of high cooling type water
base cutting fluids are generally avoided in machining steeis by brittle type
cutting tools Iike carbides and ceramics. But what is of more serious concern
ig the pollution of the working environment caused by use of cutting fluid,
parlicularly cil-based type.

The'major socio-economic prablems that arise due to conventional type and
method of application of cutting fluids are:

. inconveniences due to wetting and dirtiness of the working zona

*  possible damage of the machine tool by corrosion and mixing of the
cutting fluid with the lubricants

* environmental poflution due to break down of the cutting fluid into
harmful gases

. bioicgical hazards to the operators from bacterial growtt in the cutting
fluids

*  requirement of edditional systems for local storage, pumping, filtration,
recycling, re-cooling, large space and disposal of the cutting fluid, which
causes sail contamination and water pollution

The modemn industries are, therefore, looking for possible means of dry,
clean, neat and pollution free machining and grinding.



1.2 Literature Review

Uptil now, ample research and investigations have been done in different
parts of the world on machinability of different materials mainly in respect of
| chip morphology, cutting forces, cutting temperature, chip tool interaction,
dimensional accuracy, surface integrity and wear and life of cutling tool with
and without (dry machining) using cutting fluid. Environmental pollution
arfsing out of conventional cutting fluid applications has been a serious
concem of the modem machining industries. Research has aiso been
initiated on control of such pollution by air-cooling and their technclogical
effects particularly in temperature intensive machining and grinding. A brief
review of some of the interesting and important contributions in the closely
related areas is presented in this section.

1.2.1 On causes, effects and control of cutting temperature

Machining is inherently characterized by generation of heat and high cutting
temperature. At such elevated tempemture the cutling too! if not enough hot
hard may lose their form stability quickly or wear out rapidly resuiting in
increased culting forces, dimensional inaccuracy of the product and shorter
tool life. The magnitude of this culting temperature increases, though in
different degree, with the increase of cutting velocity, feed and depth of cut,
as a resuft, high production machining is constreined by rise in temperature.
This problem increases further with the increase in strength and hardness of
the work material.

It was observed [Jawahir and van Luttervelt 1993] that, in machining
ductile metals producing long chips, the chip-tool contact length has a direct
influence on the cutting femperature and thermo-chemical wear of cutting
tools. The cutling temperature becomes maxmum on the rake face of the
tool at a certain distance from the cutting edge where cratering eccurs. Such



high rake face temperature can also raise the temperature at the flank of the
tocl.

[n addition to usual flank wear and crater wear the cutting fools often atlain
notching on the flanks and grooving on the rake surface at the outer ends of
the engaged portions of tha cutting edges. On the major cutling edge, the
grooving wear occurs at the extreme end of the depth of cut and is
characterized by deeper abrasion of the tool edge. On the end cutting edge,
the grooving wear is characterized by smaller multiple notches. Several
mechanisms have been proposed [Solaja 1958] to explain grooving wear,
such as

= development of a work-hardened/abrasive oxide layer on the cut
surface

+  formation of thermal cracks due to steep temperature gradient

. presence of side-spread material at the edges of a newly cut surfaca
and

» fatigue of tool material due to cutling force fluctuations at the free
surface caused by iateral motions of the edges of the chip

Trent [1983] also reported that in machining ductile metals, the chip conlact
length plays significant role on the chip and too! temperature which becomes
maximum almost at the center of the chip-tool contact surface where then
crater wear begins and grooves intensively.

Kosa et al [1989] suggested that in machining ductile metals, the heat and
temperature developed due to plastic deformation and rubking of the chips
with tool may cause confinuous built-up of welded debris which affects
machining operation. Austenitic stainless steels are generally considered
difficult-to-machine because of high work-hardening rate, toughness and
ductility. Therefnré, toals will be subjected to high frictional heat, and chips
will have a tendency to stick and cause severe built-up edge formation



The heat generated during machining [Trent 1984] also raises the
temperature of the r;:utting tool tips and the work-surface near the cutting
zone. Due to such high temperature and pressura the cutting edge deforms
plastically and wears rapidly, which lead o dimensional inaccuracy, increase
in cutting forces and premature tool failure. On the cther hand, the cutting
temperature, if it is high and is not controlled, worsens the surface
topography and impairs the surface integrity by oxidation and introducing
residual stresses, micro-cracks and structural changes.

Reed et ai. [1983] repcrled that the hardness, plastic modulus and the
fraciure toughness of the tool decline with increase in cuting temperature,
which accelerates tool wéar rate. Moreover, thermal stresses in the tool
increase with the temperatura resulting in more cracks in the ool and
premature failure of the tool The high cutting temperature aiso ceuses
mechanical and chemical damage of the finished surface.

Vieugels et al. [1995] observed that the contact length between the tool and
chip has a direct influence on the cutting temperatures and the amount of
heat enemy that is dissipated in the tool which enhances thermally aclivated
chemical wear. Maximum temperature is found to develop on the rake faca
of the tool, at a certain distance from the cutting edge, where cratering
occurs, The amount of energy dissipated through the rake face of the tocl
also raises the tempearature at the flanks of the toal.

The high specific energy required in machining under high cutling velocity
and unfavorable condition of rachining resuits in very high temperature,
which reduces the dimensional accuracy and tool life by plastic deformation
end rapid wear of the cutling points [Chattopadhyay and Bhattacharya
1968, Chattopadhyay and Chattopadhyay 1982 and Singh et al. 1997].
Cn the other hand such high temperature, if not controlled, impairs the
surface integrity of the machined component by savere plastic flow of work
material, oxidation and by inducing large tensile residual stresses, micro
cracks and subsurface cracks. This problem is furlher intensified while
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machining for faster material removal in bulk and finishing very hard, strong
and difficult-to-machine materials that are gradually adventing wath vast and
rapid developments in the modern areas like aerospace technology and
nuclear science,

Past research has been focused on the temperature and its distribution in the
cutting zone because it is believed that it has a direct impact on toc! life
[Chao &nd Trigger 1966]. The primary function of cutling fluids is to reduce
this culting temperature and increase tool life [Shaw et al. 1951]. The culting
fluids are balieved to reduce culting temperature either by removing heat as
a coolant or reducing the heat generation as a lubricant. In addition, the
cutling fluid has a practical function as a chip-handling medium [Beaubien
1964]. Culting fluids also help in machining of ductile materials by reducing
or preventing formation of a built-up edge {BUE), which degrades the surface
finish [Heginbotham and Gogia 1961).

Usually profuse cooling [Alaxender at al. 1998, Kurimoto and Barroe 1982
and Wrethin et al. 1992] controls the high cutting temperature. 8ut such
profuse cooling with cenventionaj cutting fluids is not able to solve these
problems fully even when employed in the form of jet or mist. With the advent
of some modern machining process and harder materials and for demand for
precision machining, the control of machining temperature by more effective
and efficient cooling has become extremely esaential.

Generally, suitable cutling fluid is employed to reduce this problem through
cooling and lubrication et the cutting zone. But it has been experienced
[Cassin and Boothroyed 1968] that lubrication is effective at low speeds
when it is accomplished by diffusion through the workpiece and by forming
solid boundary layers from the exireme pressure additives, but at high
speeds no sufficient lubrication effect is evident. The ineffectiveness of
lubncation of the cutting fluid at high speed machining is attributed [Shaw at
al. 1951] to the inability of the cutting fluid to reach the actual cutling zone



and particularly at the chip-too! interfaca due to bulk or plastic contact at high
culling speed.

The cooling and lubricating effects by cutling flud [Merchant 1958 and
Kitagawa et al. 1997] influence each other and diminish with increase in
cutling velocity. Since the culting fluid does not enter the chip-tool interface
during high speed rmachining, the cutting fluid action is [imited to bulk heat
removal only. Mazurkiewicz [1989] reported that a coolant applied at the
cutting zone through a high pressure jet nozzie could reduce the contact
length and coeflicient of friction at chip-tool interface and thus could reduce
cutling forces and increase tool life o some extent.

In machining ductile metals even with cutting fluid, the increase in cutling
velacity reduces the ductility of the work material and causes production of

long continuous chips, which raises the culting temperature further [Nedees
and Hintze 1989).

The effect of the heat ganereted at the primary shear zone is lass significant
for s lesser intensity and distance from the rake surface. But the heat
generated at the chip-tool interface is of much greater significance,
particularly under high culting speed conditions where the heat source is a
thin flow-zone seized to tha tool [Trent 1984]. The coolant cannot act directly
on this thin zone but only extemally cools the chip, workpiece and the tool,
which are accessible to the cootant. Removal of heat by conduction through
the chip and the workpiece is likely to have refatively litlle effect on the
tempearature at the chip-tocl and work-too! interface.

A cutling fluid may imparl two more actions, hamely the machanical strength
reducing action and the electro-chemical action. The mechanical strength
reducing action {(known as the Rehbinder effect) seemed to be negligible
when steel jobs ara machined at moderate cutting speeds with carbide tools
[Kurimoto and Barroe 1982]. The influence of the electric current flawing
through the cutling zone on the rate of tool wear is aiso well known {Ellis
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and Barrow 1868]. However, mast commercial cutting fluids are non electro-
conductive, and aa sﬁch the gituation with respect to cumrent flow will not vary
significantly from the dry cutting case. The electrochemical action is treated
8s a comosicn phenomenan in respect of tool wear.

The machining temperature could be reduced to some extent by improving
the machinability characteristics of the work material metallurgically,
optimizing the tool geometry and by proper selection of the process
parameters [Muraka 1979, Dieter 1981 and Jawahir 1888]. Some recent
techniques have enabied partial control of the machining temperature by
using heat resistanca tools like coated carbides, CBN etc. The thermal
deterioration of the cutting tools can be reduced [Narutakl and Yamane
1979] by using CBN tools. If properly manufactured, selected and used, CBN
toel provides much less cutting forcas, temperature and henca less tensile
residual stresses [Davies et al. 1996]. But CBN tools are Yary expansive.

A tribological experiment was attempted [Farook et al. 1998) to modify the
contact surface of turning inserts by deposition of a sofl bearing material by
EDM. it was observed that although the modified inserts offer reduce
cutting force, their bensficial effect on surface finish is marginat, At higher
culting velocities the brought on layers are fast depleled with cutting time and
makes no contribution fo wear resistance of the tool, especialiy at the flanks.
It was reported [Alaxender et al. 1998] that coolant injection offers better
cutting performance in terms of surface finish, too! force and tool wear when
compared to flood cooling.

A recent development [Chandrasekaran et al, 189B] in this context is the
use of Cop snow as the coolant in machiming. This is feasible if Coyp in liquid
form under pressure (60 bars} is fed to the cutting zone and diffusad through
a capiillary jet This resulls in a change of state and the formation of Cog
snow {endothermic reaction resulting in a temperature of —79°C). Earlier
investigations [Thoors and Chandrasekaran 1994] observed that Coz snow



could function as a good cutting fluid/coolant under certain circumstances,
which are very much related to the tool-work combination and the actual
mode of feeding the coolant to the cutting zone.

1.2.2 On adverse effects of conventional cutting fiuid
applications

1.2.2.1 Technological problems

Traditionally, the manufaciure of a product had been attempted to be done
as quickly and inexpensively as possible, Now that more environmental
regulations are being put in place, manufacturers are forced to re-evaluate
their manufacturing processes and reduce or efiminate their waste streams.
The waste slreams present in machining include cutting fluid flow, chip flow,
and cutting tool usage.

The application of culting fluid may not always reduce the cutting tool wear
as is commonly believed. Rather some conditions like machining steels by
carbide tools, the use of coolant may increase ol wear.

It has been experienced [Shaw ef al. 1951] that there was more tool wear

when cutting with coolant than culting dry in case of machining AIS| 1020
and AlSI 4340 steels by M-2 high speed steel tool cutting.

Seah et al. [1995) also reportad that at the first stage of machining (first 40
seconds or $0}, too! wear was faster in wet cutting than in dry cutting. Later
on, the wear rate stabilized and was somewhat the same for both dry and
wet cutling.

During machining, the cutting tool generally undergoes [Trent 1983] both
Aank wear and crater wear. Flank wear generally causes an increase in the
cutting forces, dimensional inaccuracy and vibration. Crater wear takes place
on the rake face of the tool where the chup slides over the tool surfaca.
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Another experimental investigation was conducied [Cazzens et al, 1995] on
 single point boring. This was aimed to study the role of cutling fluid, tool and
workpiece material, tool geometry and cutting conditions on machinability.
The resufts indicated that the cutling fluid conditions had no significant effect
on surface texlure, forcas and buill-up edge. Since baoring 13 a high-speed
operation and fubrication is ineffective, no effect was seen on the farces.
However, the cutting fluid was found to have a significant effect on surface
integrity.

Proper selection and appiication of cutting fluid generally improves too! life.
At low cutting speed almost four times longer tool life was obtained [Satoahi
et al. 1997] by such culting fluid. But surface finish did not improve
significantly.

Wearing of cutting toals not only causes loss of the culting edges or tips of
the inserts but loss of the entire inserl after waar of all the corners. From an
environmenlal perspective, therefore, the significant waste is not the portion
of the tool wom away by the tool-work contact, but the remaining portion of
the taol that is disposed after its useful life [Sheng and Munoz 1 993}

1.2.2.2 Environmental problems

Manufacturing by machining constitutes major industrial activities in global
perspective. Like other manufacturing activities, machining also leads to
environmental poliution [Ding and Hong 1998 and Hong et al. 1998] mainly
because of use of cutling fluids. These fluids often contain sulfur {Sh
phosphorus (P}, chlorine (Cl) or other extreme-pressure additives to improve
the lubricating performance. These chemicals present health hazards,
Furthermore, the cost of treating the waste liguid is high and the treatment
itseif is a source of air pollution. The major prablems that arise due to use of
cutting fluids are [Aronson 1995]:
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+  environmenlal pellution due to breakdown of the cutting fluids inta
harmful gases at high culting temperature

" hiclogical hazarmds to the operators from the bacterial growlh in the
cutting fluids

» requirements of additional systems for pumping, local storage, filtration,
temporary recycling, cooling and large space requirement

«  disposal of the spent cutting fluids which also offer high rizk of water

pellution and scil centamination

Since beginning of twantieth century people [Peter et al. 1996, Welter 1978,
Kennedy 1989 and Thony et al. 1975]) were concerned with possible
harmful effects of various cutting fluid application.

It has been estimated [Bennett 1983] that about cne million workers are
exposed to cutting fluids in the United States alone. Since cutting fluids are
complex in composition, they may be more toxic than their constituents and
may be imlant or allergenic. Also, both bacteria and fungi can effectively
colonize the cutling fluids and serve as source of microbial toxins. Hence
significant negative effects, in terms of environmenlal, health, and safety
conseguences, are associated with the use of cutting fluids. The eflects of
exposure to the fluids an health have been studied for over 50 years;
beginning with the concem that culting fluid (oil} is a potentiai eticlogic facior
for occupational skin cancer {Epidemiological studias indicata that long-term
exposure to matalworking fluids can iead to increased incidence of several
types of cancer). The international Agency for Research on Cancer has
concluded that there is “sufficient evidence” that mineral oils used in tha
workplace is carcinogenic [Peter et al.1996]. Basically, workers are exposed
to metal cutting fluids vie three routes [Bennett et al. 1985); skin exposure,
aerial exposure and ingestion.

Skin exposure is the dominant route of exposure, and it is believed that

about 80 parcent of all occupational diseases are caused by skin contact

with fluids [Bennett et al.1985]. Cutting fluids are imporant causes of
12



occupational contact dermatitis, which may involve either imitant of allergic
mechanisms. Water mixed fluids generally determine irritant contact
demmatitis and aflergic contact dermatitis when they are in touch with workers
skin. Non-water-miscible fiuids usuailly cause skin disorders such as
foliculitis, cil acne, keraloses and carcinomas.

lowa Waste Reduction Center (1998} reported that besides potential skin
and eye contact, inhalation is also a way ta occupational exposure. Mists are
aerosols comprised of liquid particles {less than 20 um). During machining
pracess, a congiderable amount of heat is ganerated for which the culting
fuid may attain a temperature sufficiently higher than the saturation
temperature. The vapor is produced at the solid-liquid interfece as aresult of
bailing. Vapor may be generated also at the iiquid-air interface when the fluid
vapor pressure is less than Lhe saturation pressure, namely as evaporation
phenomena. Vapor generated then may condense to form mist. The
non-agueous components of tha cutting fluid, such as the biocide additives,
appear as fine aercsol that can enter the workroom eir. Additionally, the
cutting fluids impact with both stationary and rotating elements within the
machine tool system, which leads to mechanical energy being transmitted to
the fluid. Thus, the cutting fluid has higher surface energy and becomes less
slable and disintegrates inlo drops (atomization). The spray from the fluid
application elso may generate mist. A total fluid loss of 5 to 20 percant may
occur due to evaporation, atomization, splashing and drag out processes.
Whether formed by atomization or evaporation/condensation, small droplets
may be suspended in the air for several hours even several days in the
workers breathing zones. These drifling droplets tend evaporate further.
Inhaled particles (with aerodynamic diameters less than 10 pm}) deposit in
the various regions of the respiratory system by the complex action of tha
ditferent deposition mechenisms. The particulate below 2.5 pm aercdynamic
diameter deposit primarily in the alveolar regions which is the maost sansitive
region of lung. The perticulate in size ranges from 2.5 um to 10-um deposits
primarily in the airweys. The potentiai health eflects of exposure to cutting
flud mists have been the subjects of epidemiological studies in the
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automnotive industry. The mist droplels cap cause throat, pancreas, rectum,
and prosiate cancenl's, as well as breathing problems and respiratory
flinesses. One acute eflact observed is mild and reversible narrowing of
airways during exposure to cutting fluid mist [Kennedy 1989].

Several other epidemiologica!l studies have also suggested that exposure 1o
fluid mist may be assocfated wilh increased risk of airway irritation, ¢chronic
bronchitis, asthma and even laryngeal cancer [Bennett et al. 1985 and
Eisen et al. 1994]. The Occupational Safety and Health Administrations
{OSHA)} standard for airborne particulate {fargely due to fluid mist) is 5

mg/m3, and the United Autoworkers {UAW) has proposed a reduclien in the
standand to 0.5 mg/m3. The oil mist level in a ptant rangad from 4.2 to 15.8

mg/m3 but feil to.between 0.47 to 1.68 mg/m3 when a different cutting fluid
was substituted in the systemn [Welter 1978].

Anti misting compounds, such as a polymetha-acrylate polymer, poly-
isobutylene and poly-n-butane in concentrations of 0.2% as well as poly (1,
2-butene oxide} have been suggested for addition into cutting fluids [Bennett
et al. 1986). But, consideration must be given to the effects of these
chemicals upon humans. The most effective way to control mist exposura is
to use mist callector to prevent mist from entering plant air [Leith et al.
1996]. Many colleciors use sevaral stages of filters in series for the purpose.
Other colleciors use centrifugal cells or electrostatic precipitators as
intermediate stages. Any collector using a 95% Di-Octyl Phthalate {DOP) or
High-Efficiency Particulate Air {HEPA) filter as a final collection stage has
been tested as high efliciency when new. However, itz efficiency will
decrease with time. Moreover, the ¢il droplets may undergo partial or
complete evaporation as they trave! to collector [Raynor et al. 1996]. The
generated organic vapors may return to the room and affect work health, and
may re-condense on the cool surface causing safety and maintenance
problems.

14



Poliution free menufacturing is increasingly gaining interest due to recent
development of pollution-prevention legislation, European initiatives on
product take-back or recycling, which affect many expor! industries in the
US, and a growing consumer, demand for green producis and production
processes. Concem for the environment, health and safety of the operators,
as well as the requirements to enforce the environmentat protection laws and
occupational safety and health regulations are compelling the industry to
considar a cooling air machining process as one of the viable altemative
instead of using conventional cutling fluids.

1.2.2.3 Economical aspects

Cutling fluids are widely used in machining operations to obtain accuracy of
part dimensions, longer tool life and in some cases better surface finish. The
research literature identifies two primary functions of cutting fluids in
machining operations: lubrication to reduce pracess friction and cooling to
remove process generated heat. A secondary function of the cutting fluid is
to transport the chips from the cutting zone, Cutling fluid systems are used in
industry to deliver fluid to the cutting process, re<circulate fluid, seperate
chips, and cellect fluid mists. The machining costs {fabor and overhead) in
the US alone are estimated fo be $300 billionfyear [Komanduri and Desal
1983]. The costs associated with the use of culting fluids is estimated o be
ebout 16% of the manufacturing costs {Byme and Schohta 1993) which is
many more times than the labor and overhead figures quoted above. A
recent study in Germany found that 16% of machining cost in the high
volume manufacturing industries is associated with the usae of cutling fluids
(procurement, maintenance and disposal) while only 4% of the cost was
associated with cutting tools [Aronson 1995]. The use of cutting fluids also
requiras additionel equipment fer plant housekeeping,
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1.2,.3 Summary of the review

A review of the lterature on machinability of different commercial steel
highlights the immense poteniial of the control of machining temperature and
its detnmental effects. It is realized that the machining temperature has a
critical influence on chip reduction coefficient, cutting forces, ool wear and
tool life. All these responses are very important in deciding the overall
performance of the tool. Al the elevated temperature the cutting tools may
undergo ptastic deformation and attain rapid tocol wear because by adhesive,
abrasive, chemical and diffusion wear at the flanks and the crater. The
dimensional accuracy and surface integrity of the workpiece aiso deteriorate
due to high temperature. The comventional cutting fluids are not that effective
in high speed machining paricularly in continuous cutting of materials likes
steels. Further the conventionat culting fluids are pot envircnment friendty.
The disposal of the cutting fluids cfien leads to focal water pollution and soil
contaminatlon. Recycling and reuse of conventional cutting fluids are further
problams.

Cooling air is a pmising new tachnology in high preduction machining and
grinding, which economically addresses the current processes'
envirenmental and heaith concerns. In this unique process cooling air is
impinged through a nozzie precisely at the namow cutting zone. Chilling the
cutting tool by coaling air enhances fool hardness and life. Cooling the chip
makes it brittle and aids its removal. Since atmospheric air is an abundant
source, there is no unfavorable envircnmenial or health impact or cootant
disposal cost, and the chips may be reused.

1.3 Objectives of the Present Work

It is revealed from the aforesaid literature survey that cooling air can

substentially contrel the culting temperature, which is the cause of several

problems restraining productivity, quality and henge machining economy.
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problems restraining productivity, quality and hence machining economy.
The growing demands for high MRR, mainly the high cutting temperature
restrains precision and effective machining of exotic materials. Thorough
investigation is essential to explore the potential benefits of air-coeling
machimng in such cases. But encugh work has not been done systematically
yet in this direction.

The main objective of the present work is to make a thorough and systematic
experimental investigation on the mle of cooling-air on the major
machinakility characteristics and overall benefits in respects of

i. mechanism of machining
i cutting temperature and

ii. dimensional deviation

in machining commercial steel (AlS| 1040 steel) by the industrially used
carbide tools at different speeds, feeds and depth of cut combinations.

The scopes of the present work are design and development of
i.  an air-cooling chamber
ii. a suitable nozzle for air-cooling jet

iii. an air-cooling machining set up

iv. temperature measuring technique

17



Chapter-2

Development of Air Cooling
System

21 introduction

The high cutting temperature generated during machining not only reduces
too! life but also impairs the product quality. The temperature becomeas monz
intensive when cutling velocity and feed are increased for higher MRR and
the work materiais are relatively difficult to machine for their high strength,
hardenability and lesser thermal conductivity. Cutting Auids are widely used
to reduce the culting temperature, But the major problems associated with
the use of conventional mathods and type of cutting fluids, which are mostly
oil based, are:

ineflectiveness in desired cooling and lubrication

heaith hazards due to genaration of cbnoxicus gases and bacterial
growth

. inconvenience due to uncleanliness of the working zone

corrosion and contamination of the lubricating system of the machine
toals

need of storage, additional fioor space, pumping system, recycling and
disposal

. environmental pollution and contamination of sgil and waler.



In this regard, it has already been observed through previous research that
proper application of cooling air may play vital role in providing not only
environment friendliness but also some techno-economical benefits.

For achieving substantial techniological and economical benefits in addition
to environment friendliness, the cooling air system needs to be properly
designed cansidering the following important faclors:

. efleclive cooling by enabling cooling air jet reach as close to the actual
hot zones as possible

» avoidance of bulk cooling of the tool and the job, which may ceuse
unfavorable metallurgical changes

+  minimum consumption of cooling air by pin-pointed impingement and
only during chip formation

2.4 Cooling Air Delivery System

Cooling air needs to be drawn at high pressura from the air-cooling unit and
impinged at high speed through the nozzle. Considering the conditions
required for the presant research work and uninterrupted supply of caoling
air at consistent pressure around & bar over a reasonably Jong cut, a
refrigeration unit with a belt type compressor has been used. The schematic
view of tha rafrigeration circuit is shown in Fig 2.1.

Compressed air from a belt type compressor (8 bars) passes through the
refrigerator, which cools the compressed air at a certain temperature and
then passes through the flexible pipe {diameter 10 mm) and finally impinges
through the nozzle at the culling zone. During suction of air the outlet value
of the cooling air unit should be closed and the intake value is open. Air
should deliver to the cooling chambar until the pressure indicator indicates 6
bara Above § bars the compressor should be stopped automatically
otherwise the high prassure may causes damage to the cooling chamber, At

this crotain prassure lthe cooling chamber was run around five minules to
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cool the compressed air. Then the oul let value is open to pass out the
cooling air through the flexible pipe and impinges at the cutling zone through
the noxzle.
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Fig. 21 Schematic view of air cooling unit

2.3 Design and Development of the Cooling Air
Delivery Nozzle

The nozzle has been designed so that the nozzie spray pattern, cowvering

area and cooling airflow rete can be controlled. The nozzle developed and

used and its sefting along the tool holder are schematically shown in Fig.2.2.

The nozzle with tip of 2.0 mm bore diameter was fixed to the tool post and is

connected with flexible pipe connecting end to supply cooling air in the form

of jets to the culting zone. The expected result of this arrangement is

effective cooling with economical cooling air dispensing. The construction

and setting of the nozzle fips have been made primarily afiming:

+  lass interference with the flowing chips

+ high speed cooled air jet reaching quite close to the chip-tool and work-
tool contact zones

«  simple and low cost.
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Fig. 2.2 Schematic view of the nozzle used for cooling
air delivery at the cutling zone
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Experimental Investigations

3.1 Experimentat Procedure and Conditions

The beneficial role of cooling air on environment friendliness has already
been established. The aim of the present work is primarily to explore and
evaluate the rcle of such cooling air on machinability characteristics of some
commonly used toolwork combinations mainly in terms of cutling
temperature and chip-forms, which govemn productivity, product quality and
ovearall economy.

The machimng tests have been carried out by straight turning of steel in a
lathe {4 hp: BMTF, Bangladesh) by standard uncoated carbide insert at
different cutting velocities {V.) and feeds (S;) under both dry and cooling air

condition.

Machining ferrous metals by carbides is a major activity in the machining
industries. Machining of steels involves more heat generation for their
ductility and production of continucus chips having more intimate and wide
chip-tocl contact. Again, the cutting temperature increases further with the
increase in strength and hardness of the steels for more specific energy
requirement. Keeping these facts in view the commonly used steel liks AlSI-
1040 steel has been undertaken for the present invesfigations The



compaositions, strength, hardness and industrial use of this steel are given in
Table 3.1. '

Table-3.1 Characteristics of the used steel (Rothman 1988 & Bagchi 1879].

Work [BHN| UTS Chemilcal Applications
material {Kgffmm?) | composition (wt %)
AlSI 1040 180 B3 - - U.41'D. ® Shafts & crank shafts
steel Mn - 0.700, » Automobile axies
P~ 0.040, Spind
- 0.050 ¢ =pihales
e Lightly stressed gears

Machining industries generally use sintered carbide tools, both uncoated and
coated for machining steels High performance tools like ceramics toughened
and strengthened by stabilized zirconia (Mondal et al. 1992] metals [Tuan
and Brook 1990 and Wang et al, 1993] and SiC whiskers [Li and Low 1994)
and CBN [Narutaki and Yamane 1979] are also used now-a-days by the
medern industries. But such tools are not only expensive but also require
very rugged and powerful machine tools, which common industries cannot
always afford. Diamond tools [Hinterman and Chattopadhyay 1993] are
exceilent performing for exotic materials excepting fermous matals which
graphitise diamond.

Considering common interest and time constraint only uncoated carbide
inserls of grade P30 have been used for the present work. Wide scope will
remain for further study on air-cooling eMect in machining steals by coated
carbides and exotic materials by high performance ceramics, CBN and
diamond.

Eflectiveness of cooling and the related benefits depend on how closely the
cooling air jet can reach the chip-fool and the work-tool interfaces where,
apart from the primary shear zone, heat is generated. The tog! geometry is
reasonably expected to play significant role on such cooling efleclivenass.
Keeping this view tool configuration {Dnfico) namely SNMM-120408 has
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been underiaken for the present investigation. The inserts were clamped in a
PSBNR-2525 M12 {Drilico) type tool hotder.

The positicning of the nozzle Lp with respect to the cutting inserl has been
sellled afler a number of trials. The final arrangement made and used has
been shown in Fig.3.1. The cooling air jet is directed along the main cutting
edge t¢ reach at the principal flank and partially under the flowing chips
through the in-built groove paraflel to the culling edges. The photographic

view of the experimental set-up is shown in Fig.3.2.

Workpiece

Fig. 3.1 Pbotographic view of cooling air delivery
nozzle injecting cooling air during machining

Air Cooling Unit

| Comprassor | %!

FlexIhle Tube

Fig. 3.2 Photographic view of the experimental set-up
for turning steel with cooling air condition
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The machining responses thal have been studied and evalualed for
assessing the machinability characteristics of the steel specimen under both
dry and air cooling conditions are indicated in Table 3.2. it has already been
reported {Dhar ot al 2002, Paul et al. 2000 and Seah et al. 1995] that use of
convertional cutting fluids (wet machining) does nol serve the desired
purpose in machining steels by carbides, ralher reduces tool life and often
may cause premature filure of the insert by brittle fracture. The conditions
under which the machining tests have been carried out are briefly given in
Table 3.3.

Table-3.2 Machining responses investigated

Investigation on Environment
Dry Cooling air

Temperature calibration X
Cutting temperature % ||
Chip morphotogy V1
Dimensional deviation %
Table-3.3 Experimental conditions
Machine tool . BMTF Lathe, Bangladesh, 4 hp
Work specimen AlSI 1040 steel (size: @110 X 620 mm)
Cutting tool Carbide, TTS {P-30 SO specification), Drillco
Tool helder PSBNR 2525 M12 (1S0Q specification}, Drillco

Geometry -8,-6,6,8,15,75, 0.8 {mm}
Process parameters

Cutting velocity, V. 83, 80, 90 and 128 m/min

Feed rate, S, 0.10, 0.13, 0.16 and 0.20 rmrev

Depth of cut, t 1.0 mm
Environment Dry and cooling air

A number of cutting velocity and feed have been taken over relatively wider
ranges keeping in view the industrial recommendations for the tool-work
matlerials underlaken and evaluation of rofe of variation in V. and S, on

effectiveness of cooling air.
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Keeping in view less significant role of depth of cut {t) on cutting temperature,
saving of work material and avoidance of dominating effect of nose radius or
culting temperature, the depth of cut was kept fixed to only 1.0 mm, which
would adequately serve the present purpose.

The machining responses have been monitored and studied using
sophisticated and reliable equipment and techniques as far as possibie. .

Cutting temperature can be measured using direct and indirect technigues
[Venkatesh 1987]. Direct methods inciude the use of

* temperature sensitive powders [Narutakl and Yamane 1979)
*  infrared measurernent [Prins 1971 and Abrao et al. 1599¢6]

¢  the tool-work thermocouple techniques [Stephenson 1993, Gottwwin
1925] and

¢ embedded thermocoupie techniques [Matsumoto and Heu 1987 and
Kitagawa et ai. 1997]

whereas indirect methods mainiy include microstructural changes [Wright
and Trent 1973] and microhardness changes [Wright and Trent 1973] in
the too! materials due to high cutting temperatura.

Tool-work thermocouple technique [Stephenson 1993, Gottwein 1925 and
Herbert 1926] is simple but quite reliable for measuremeant average cutting
temperature in machining with continuous chip formation like plain tuming.
But proper functioning of this technique need care about;

*  parasitic emf generation by secondary junction
¢  proper calibration and

*  elachical insulation of the too! and the job
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In the present work the average cutting temperature has been measured by
tool-work thermocouple technigue as indicated in Fig.3.3 taking care of the
aforesaid factors.
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Fig- 3.3 Schematic view of the toci-work thermocouple toop

Tool-work thermocouple can be calibrated in saveral ways, which include:

+  furnace calibration [Bus et al. 1971 and Byrne 198]
=  resistance heating [Alvedid 1970]

] embedded silver bit technique [Barrow 193]

* induction heating [Braiden 1967]

*  lead bath technique [Shaw 1984] and

»  flame heating [Leshock and Shin 1997]

For the present investigation, the calibration of the work-tool thermocouple
has been carnied out by external lame heating. Fig.3.4 schematically shows
the set-up. The work-tool thermocoupie junction was construcied using a
long continuous chip of the concerned work-material and a tungsten carbide
inserl to be used in actual cul‘linlg, To avoid generation of parasitc emf, a

long carbide rod was used to extend the insert. A standard chromel-alume!
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thermocouple is mountad at the site of tool-work (junction of chip and inser)
junction. The oxy-acetylene torch simulated the heat generation phenomena
in machining and raised the temperature at the chip-too! interface. Standard
thermocaupie directly monitored the junclion temperature {meesured by &
Euratherm Temperature Controller and Programmer, model. 818P, made in
UK} when the emf generated by the hot junction of the chip-tool was
monitored by a digital multimeter (model: DH 334, Philips). F1g.3 5 shows the
photographic view tool-work thermocouple set up.

ey e tylone
teare It

]" T #"‘F‘E m'_h: - ‘ !

Pl b e o h':1|§|-"l:|llr:-~ ||-.f||t|-'| IR ITINT

eyl ol |h'.'!.'llll'rl.'[l|'

Fig J.4  Scheme of calibration of present tool work thermocouple

Fig.3.5 Photographic view of the present tool-work thermocouple
setup
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VWork material: AIS| 1040 steel

temperature, °C

T =75.28+63.05 E+0.57 E°

50 — T
0 2 4 6 8§ 10 12
petential, mv
Fig. 3.6 Temperature calibration curve for cerbide and
AlSI-1040 steel

Fig.3.6 shows the calibration curve obtained for the tool-work pair with
tungsten carbide (P30 Grade, Driilco) as the tool material and the steel
underiaken as the work material. In the present case, almost linear
relationships between the temperature and emf have besn obtained with
multiple correlation coefficients around 0.964.

The form, colour end thickness of the chips elso directly and indirectly
indicate the nature of chip-tool interaction influenced by the machining
environment. The chip samples were collected during both short run and
long run machining for the work-tool and V-5, combinatiens under dry end
cooling air condition. The form and colour of all those chips were noted
down. The thicknesses of the chips were fepeatedly measured by a digital
slide caliiper to determine the value of chip raduction saefficlent, £ (ratic of
chip thickness after and before cut), which is an important index of
machinabilty.
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Form-stability and service Wfe of cutting tools plays a major role on
productivity, pmduct' quality and overall econamy in manufacturing by
machining. Cutting tools generally fail, particularly white machining duclile
metals like steels by hard as well as strong tools like sintered carbides, by
gradual wear at their flanks and the rake surface. Ofien fajlure may occur
only by plastic defermation or macro fracluring under stringent conditions
due to excessive culling temperature and pressure and thermal-cum-
mechanical shocks.

The lifa of the tools, which ultimately fail by systematic gradual wear, is
generally assessed at least for R&D work, by the average value of the
principal flank wear {Vyg), which aggravates cutting forces and temperature
and may induce vibration with progress of machining. Tha pattemn and extent
of wear (Vi) of the auxiliary flank affects surface finish and dimensional
accuracy of the machined parts. Growth of tool wear is sizeably influencad
by the temparature and nature of interactions of the tool-work interfacas,
which again depend upon the machining conditions for given tool-work pairs.

After machining the steel rod by the insert, at different V.-S, combinations
under both dry and cooling air, the dimensional deviation on diameter in axial
direction of the machined jobs was measured by a gensitive dial gauge which
was firmly fitted on the saddle and traveiled slowly paralle! to the job axis.

3.2 Experimental Results
3.2.1 Cutting temperature

During machining any ductile materials, heat is generated at the (@) pnmary
deformation zone due to shear and plastic deformation (b) chip-tool interface
due to secondary deformation and siding {c) work-tool interaces due to
rubbing. All such heat sources produce maximum temperature at the chip-lool
interface, which subslantially influence the chip formation mode, cutling forces
and tool life. Therefore, attempts are made to reduce this detrimenta! culting
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temperature. Conventional cutting fluid application may, fo some extent, cool
the tocl and the job in bulk but cannot cooi and lubricate expectedly effectively
at the chip-tool interface where the temperature is high. This is mainly because
the flowing chips make mainly bulk contact with the tool rake surface and may
be followed by elastic contacl just before leaving the contact with the tool. Buik
contact does not allow the cutling fluid to penetrate in the interface. Elastic
contact allows slight penetration of the cutting fluid only over a small region by
capillary action. The cutting fiuid aclion becomes more and more ineflective at
the intarface with the increase in V., when the chip-tool contacl becomes aimost
fully ptastic or bulk,

However, it was c:-baenred that the cooling air jet in its present way of
application enabled reduction of the average cutting termperature by about 5 to
10% depending upen the levels of the procesas parameters, V. and S, and the
types of the cutting inserts Even such apparently small reduction in the cutting
temperature is expected to have some favourable influence on other
machinability indices.

The cutting temperature generally increases with the increase in V. and Se.
though in different degree, due o increased energy input and it could be
expected that air cooling would be more effective at higher values of V. and S,.

in the present work, the average chip-tool interface temperature could be
effectively measured under dry and cooling air machining very reliably
throughout the experimental domain. However, the distribution of
temperature within the tool, work and chip cannot be determined eflectively
using experimental techniques. The evaluated role of cogling air on average
chip-too! interface temperature in tuming the steal by the uncoated insert at
different V. and Sy under dry and cooling air conditions have been shown in
Fig.3.7.
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Fig.3.7 Varialions in average interface temperature that of V. and
Sy in turming AlS|-1040 steel by SNMM insert under dry
and coocling air condition.

3.2.2 Machining chips

The chip samples collected while tuming the AlSI 1040 steel by the insert of
configuration SNMM at different V.-S, combinations under both dry and
cooling air condition have been visually examined and categorized with
respect to their shape and colar.

The results of such categorization of the chips produced at different

condittons and environments by the AlS|-1040 steel at different feeds have
been shown in Table-3.4.
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The actual forms of the chips produced by the AlSI-1040 steel during
machining by the SNMM type insert with a different feeds at different cutting
velocities under dry and cooling air conditions are shown in Fig.3.8, Fig.3.9,
Fig.3.10 and Fig.3.11.

Table-3.4 Shape and ¢olor of chips of AlIS1-1040 steel at differant feeds.
v Env. Feed, 5,, mmirev

=
m/min 0.10 D.13 0.16 0.20
phape and hape and shape and shape and
color lor color color
Dry | » poiden ® bluish grey  |e gray  bluigh
83 rey
Cooling| e retaliic | e metallic e metallic | e metallic
air
Dry | = fightblue |e bluishgrey |=grey . pluish
60 grey
Cooling| « metallic  |» metallic o metallic |« metaliic
alr
Dry |®» gdeepblue |e|grey * grey * |grey
90 [Cooling| « metallic | etallic  metallic |« metaliic
alr '
128 Dry | o golden + burnt blue « deep blue | » burnt biue
Cooling| » metallic  |» pnetallic = metallic |+ metallic
air
Group ehalf tum arc > tubular/helical| o spiral o ribban

When examined under microscope, no significant change in the
microstructure was found at the undersurface of the chips when machining
environment was changed from dry to <ooling air, but micro-hardness was
found to change t» some extent due to cooling air. The nature and extent of
increase in micro-hardness of the chips of AlSI-1040 steel due to cooling air
under different conditions are typically shown in Table-3.5.
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Chips produced while turning AISI-1040 steel by SNMM insert at

different v, and 0.10 mm/Ttev feed rate undar dry and cooling arr
condition.
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Fig.3.9  Chips produced while turning AISI-1040 steel by SNMM insed at

different V.. and 0.13 mrm/rev feed rate under dry and cooling air
condition
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Fig.3.10 Chips produced whilg turning AlSI-1040 steel by SNMM insert at

different V; and 0.16 mmirev feed rate under dry and cooling air
condition
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Fig.3.11 Chips produced while tuming AISI-1040 stes by SHMM inzert at

different V. and 0.20 mm/rev feed rate under dry and cocling air
condition
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Table-3.5 Micro-hardness of the chips (under surface) of AISI-1040 steel

Cutting insert Cutting Environment | _ M-hardness, HV |
velocity Feed, 5,, mmirev
{m/min) 0.13 | 016 0.20
90 Dry 140 | 168 192 |
SNMM 120408 Cooling air | 201 220 241 |
128 Dy 160 195 200
Coolingawr | 195 208 231 |

Another important machinability index is chip reduction coeflicient, { (ratio of

chip thickness afler and before cut). For given tool geometry and cutling
conditions, the value of  depends upan the nature of chip-toc| interaction,
chip contact length and chip form ali of which are expecied to be influenced
by cocfing air in addition to the levels of V. and S,. The variation in vajue of {

with change in V, and 5, as well as machining environment evaluated for

Al51-1040 steel have been ploted and shown in Fig.3.12.

Chip reduction coefficient, ¢
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3.2.3 Dimensional deviation

The performance and sarvice life of any machined parl are governed largely
by quality of that product, which for a given material is generally assessed by
dimensional and form accuracy and surface integrity of the product in respect
of surface roughness, oxidation, corrosion, residual stresses and surface and
subsurface micro cracks.

In the present work, only dimensional devietion on diameter have been

investigated to evaluate the relative role of cooling air on this major aspects

During straight turning in a center lathe, the diameter of the machined part is
generally found to

L increase along iength of cut due to gradual wear of the tool tip

I decrease due to thermal expansion and subsequent cooling of the job if
the job temperature rises significantly during machining

i, increase due to system compliance of the machine-fixture-tool-work {M-
F-T-W) system under the action of the cutting forces

The order of dimensional deviations possible due to thermal expansion of the
Job even under dry machining and due to comphance of the M-F-T-W system
were calcuiated for the stee! specimens being machined under the present
conditions and the values appear to be exiramely small {less than 1 M}
compared to that possible due to wear of the tool tips. Therefore, in the

present study, the dmensional deviations are considered to be mainly due to
wear of thg tool tips.

The variation in diameter of the job was precisely measured along its axis
afler one full pass of the machining over 400 mm length with fuli depth, at
reasonably high feed and cutting velocity sutable for the tool-work
combination.
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The gradual increase in dimensional deviations on diameter observed along
the length of cut on tha AlSi-1040 steel rod after one fuli pass of machining
at cutting vefocity of 80 m/min, 1.0 mm depth of cut and 0.2 mm/rev feed
under dry and cooling air conditions have been shown in F ig.3.13.
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Chapter-4

Discussion on Experimental Results

S e e —. — i —— rr— —

4.1 Cutting Temperature

The machining temperature at the cutling zone is an impariant index of
machinability and needs to be confrolled &s far as possible, Cutting
temperature increases with the increase in specific energy consumption and
material removai rate (MRR}, Such high cutting temperature adversely
affects, directly and indirecily, chip formation, cutling forces, toal life and
dimensional accuracy and surface integrity of the products. Therefore,
application of cooling air at chip togl interace is expected o improve upon
the aforesaid machinability charecteristics that piay vital role on productivity,
product quality and overall economy in addition to environment-friendliness
in machining particularly when the cutting temperature ia very high.

Tool-work thermacouple technique is as such simple and reliable to
measurement of average cutling temperature. The literature shows a wide
range of the calibretion methods and procedures. Most of these methods
calibrate the tool and the woerkpiece in an isoclated environment, without
consideration to the machining experimental setup. This presents problems,
because the experimental setup is diffsrent than the calibration satup. The
calibration setup used in this study is close to the expenmeantal setup and
thus many factors such as parasitic e.m.f's are included into the calibration.



The experimental setup consisted of an electrically insulated carbide tooi
insert clamped into a too! holder. A K-type thermocouple is spot welded onto
the insert at the tocl-chip interface and is secured further by a coating of
ceramic cement. Embedding it in several layers of mica elecirically insulates
the alumei lead wire, which measures the e.m.f generated at the interface. A
small aperiure is cut on the top layer of mica to allow the wire to contact the
insert as shown both in Fig.3.4 and Fig.3.5 respectively. During calibration,
the em.f is measured and the temperature iz measured by a K-type
thermocouple at the point where the tool and chip would contact during
cutling. An oxygen-acetylene forch or a propane torch applies the necessary
heat for approximating the heat generated during metal cutting.
Measurements are taken afler a few minutes of heating to insure a quasi-
steady stale. Also, only the cooling of the insert is used to maintain a
consistent calibration.

A plot of the measured potential for a given temperature during calibration is
shown in Fig.3.6 for carbids tool and AlSi-1040 steel workpiece, In this case,
linear corelation between the temperature and e.m.f is observed, Althaugh
result from the caiibration varied slightly for this test, good correlation was

attained when regression was performed {Rz = .92-97).

The average chip-toal interface temperature, B, have been determined from
the tool work thermocouple technique and plotted against cutting velocity for
different feeds and envirenments undertaken. The figure Fig.3.7 is showing
how and to what extent B,y has decreased due to cooling air appiication
under the different experimental conditions. With the increase in V. and S,,

By.y Increased as usual, even upder cooling air, due to increase in energy
input.

Apparently mere drastic reductions in B4y are expected by employing cooling

air jets. But practically it has not been s0 because the cooling air has been

empleyed in the form of thin jets along the cutting edges and towards only

the chip-tool interface and tool flanks instead of bulk cooling. Also the jats,
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like any cutling fluid, could not reach deeply in the chip-tool interface for
plastic or bulk contact, partcularly when V. and S, are large.

The roles of variation of process parameters on percentage reduction of
average interface lamperature due to cooling air have not been uniform. This
may be attributed to variation in the chip forms particulardy chip-1aol contact
length, Cy which for a given tool widely vary with the mechanical propariias
and behavicur of the work material under the cutting conditions, The value of
Cn affects not only the cutting forces but also the cutting temperature. In the
present thermal modeliing also the value of Cy, had to ba incorporated as the
span of heat input at Lhe chip-tocl interface. Post cooling of the chips by
cooling air jet is also likely to influence By 10 sOMe extent depending upon
the chip farm and thermal condudtivity of the work materials.

4.2 Machining Chips

The pattern of chips in machining ductile metals are found to depend upon
the mechanicel properties of the work material, tool geometry particularly
rakes angle, levels of V. and S;, nature of chip-tool interaction and culting
environment. In absence of chip breaker, length and uniformity of chips
increase with the increase in ductility and sofiness of the work material, tool
rake angle and cutting velocity unless the chip-too! interaction is edverse
causing intensive friction and built-up edge formation.

Teble-3.4 shows that the AISI 1040 steel whan machined by the pattem type
SNMM mnsert under dry condition produced more or less half tum at different
higher feeds. The geometry of the SNMM insert is such that the chips of this
steel (AISI-1040 steel) first came out continuausly got curled along normal
plane and then hiting at the principal flank of this insert broke into pieces
with regular size and shape. When machined with cooling air Lhe form of
these ductiie chips did not chenge eppreciably but their back surface
appeared much brighter and smoother. This indicates Lhat the amount of

reduction of temperature and presence of cooling air application enabled
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favourable chip-tool interaction and elimination of even trace of built-up edge
formation. It appears from Table-3.5 that the hardness of this low carbon
steel (AlS1 1040 steel) is 8s such low and did not increase appreciably by air-
cooling action to cause substantial change in its chip forms.

The color of the chips have zlso become much lighter i.e. metallic or golden
from biue or grey depending upon V. and S, due to reduction in cutting
temperature by cooling air.

Almost all the parameters invalved in machining have direct and indirect
influence on the thickness of the chips during deformation. The degree of
chip thickening which is assessed by chip reduction coefficient, {, plays
sizeable role on cutting forces and hence on cutting energy requirements
and cutting temperature.

The value of { depends [Kronenberg 1943) mainily on apparent coefficient of
friction, pg at the chip-tool interface and effective rake as,

‘- A5) @1

In magchining ductile metals, particularly steels, the actual value of Tg I8

affected [Abuladze 1962] by the values of ool rake angle and as,

r, =0.740,6°% (4.2)

where,
ay Uitimate tensile strength of the work material at normal condition

&  Percentage alongation of the work matsrial
Average cutting strain (= cot  + tan (8 - yg)

B Shearangle {cot B={ - tan yg

T Dynamic vield shear strength of the work matenal
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The figure Fig.3,12 clearly shows that throughout the present experimantal
domain the value of { gradually decreased with the increase in V¢ though in

different degree for the different tool-work combinations, under bath dry and
cooling air conditions.

The value of { usually decreases with the increase in V. perticularty at its
lower range due to plasticization and shrinkage of the shear zone for
reduction in friction end built-up edge formation at the chip-tool interface due
to increase in temperature and sliding velocity. in machining steel by carbige
tool, usually the possibility of built-up edge formation and size and strength of
the built-up edge, if fomed gradually increase with the increase in
temperature due fo increase in Ve and also Sy and then decrease with the

further increase in V¢ due to too much softening of the chip material and its

removal by high sliding speed.

uncut chip thickoass

/ {= 5. 8ind) —— {and angle
/ _—Shear plane/

———— [ake surface

r {adie radius)

rake

TOOL
{orthogonal secton)

fnisted suface

Fig.4.1 Schematic view of machining with varying uncut chip thickness.
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It is also noted in this figure that decreased all along also with the increase in
S expectedly due 1o increase in average rake angie with increase in uncut

chip thickness as has been schematically indicated in Fig.4.1.

Fig.3.12 shows that cooling air has reduced the value of Z particularly at
lower values of Ve and S5 when the SNMM insent machined the steel rod. By

cooling air applications, { is reasonably expected to decrease for reduction in
friction at the chip-tool interface and reduction in deterioration of efiective
rake angle by built-up edge formation and wear at the cutting edges mainly
due to reduction in cutting temperature and aisc possibly for removal of
oxygen from the culting zone by cooling air.

4.3 Dimensicnal Deviation

The quality of any machined product of given material is generaliy assessed
by dimensional accuracy, which govem the performance and service lifs of
that product. For the present study, only dimensional accuracy has been
considered for assessment of quality of praduct under dry and cooling air
machining. Fig.3.12 clearly shows that dimensional inaccuracy can be
remarkably reduced by the present method of gir-cooling in machining A!SI
1040 stsel rod by carbide insert.

it has been mentioned earlier that the diameter in straight turning of long rod
may deviate from the theoretically expected value due to progressive wear of
the tool-tip, variation of compliance of the M-F-T-W system along the axis of
lathe and thermal expansion or distortion of the job, if much heated. The
substantia! reduction in dimensional deviation abserved in tha present
investigation can be reasonably atlibuted manly to reduction in the auxiliary
flank wear of the inserts by cooling air. The arder of dimensionai deviation
posaible dus to othar two reasons for the presert job specimen of so large
diameter and L/D ratio less than 4.0 and the cutting conditions undertaken

haa hraon roughly estimated and found to be around 1.0 .
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Careful observation of the figuras presenting dimensicnal deviations under
various machining conditions and those presenting average auxiliary flank
wear visualises that dimensional deviations cbserved have close ralation
with corresponding auxiliary flank wear, particularly Vsu for which actual
depth of cut is reduced from the apparent depth of cut by the depth of
maximum flank wear. Assuming absolutely sharp cutting edges without edge
rounding, reduction in depth of cut, At corresponding to Vs should be,

At=Vyy Xtano {4.3)

whara,
a  Normal clearance angle
Far Vgy = 200 pm, therefore, increase in diameter, AD should be

AD =24t=2X200X1an8%= 42.4 um

which is in reasanable agreement with the experimental results. However, it
s quite likely that the experimental values of AD will be somewhat different
from the corresponding values calculated based on observed Vi, becausa of
edge rounding, chipping, notching etc. at the auxiliary flank including the
radiused tip of the inserts. Wide noich at the tool tip is expacted to increase
the jobr diameter further.

Fig.3.13 shows that the nature of increase of dimensiona| deviation with the
pregress of machining AlSI 1040 ateel rod. Dimensional inaccuracy has been
reapectively enhanced and reduced under dry condition and cooling air,
expeciedly. The machining tests conducted for studying the role of cooling
air on dimensional inaccuracy was separately carried by fresh insen after
completion of tool wear test. Dimensional deviation, for each tool-work-
environment combination, was measured aiong the job axis afer ons
completa pass,
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Conclusions

L — e ——

Usage of coolant has become more problematic in terms of both employee
health and environmental poilution. This research is a feasibility study for
using a new cooling aystem. This system does not use coolant as in the past.
The system is designed for reducing the temperature of the cutting tool. The
cooling system utilizes a unit for cooling ejectad air. Hencae, it is clear that
uging a dry cutting system has great implications for resource preservation
and waste reduction. Therefore using cooling air proposes a technological,
economical and ecological aitemative for metal processing companies.

+ Application of cooling air not only can provide environment friendliness
but also substantial technological benefits as has been observed in
machining steel by carbide tool.

= The present cooling air systems enabled reduction in average chip-tool
interface ternperature upto 10% depending upon the wark materials, tool
geometry and cufting conditions and even such apparently small
reduction, unlike common belief, enabied significant improvement in the
major machinability indices.

» Due to cooling air application, tha form and colour of the stae| chips
became favourable for rore effective cooling and improvement in nature

of inleraclion at tha chip-tool interdace



Cooling air reduced lhe cutling temperature, such reduction has been
more effective for those tool-work combinations and cutting conditions,
which pravided higher value of chip reduction coefficient, { for adverse
chip-too! interaction causing large friction and built-up edge formation at
the chip-too! interface. Favourable change in the chip-tool interaction and
retention of culting edpe sharpness due to reduction of cutting zone
temperature seemed to be the main reason behind reduction of culting
forces by the cooling air jet.

Dimensional accuracy alse subsiaptially improved mainly due fo
significant reduction of wear and damage at the tool tip by the application
of cooling air.

Cooling air, if propery employed, can enable significant improvement in

both productivity and product quality and hence overall machining

economy even after covering the additional cost of cooling air system.

49



References

Abrao, A. M., Aspinwall D. K. and Ng, E.G., “Temperature Evaluation whan
Machining Hardened Hot Work Die Stee! using PCBN Tooling”, Ind Diamond
Hev. 58, pp.40-44 {1958).

Abuladze, N. G, “Thesis for Kand. Sc.”, Georgia Polytechnic institute, Thilisi,
{1982}

Alaxender, A., Varadargjan. A. S. and Philip, P, K., "Hard Tuming with
Minimum Cutting Fluid: A Viable Green Alternative on the Shop Floor", Proc.
18" Aif india Cont, MTDR, pp.152-155 (1998).

Alvedid, B., "Cutting Temperature Themuo-alectrical Measurements”, Annals
of CIRP, Vol.18, pp.547-554 (1670),

Aronson, R, B., *why Dry Machining”, Menwfacturing Engineering, Vol.114,
pp.33-36 (1995).

Bagchi, 5. N. and Prakash, K., *Industrial Stee Reference Book™ Wiley
Eastern Lid, New Deihi 110002, India {1978)

Banerjee, A. and Chattopadhyay, A. B., "Control of Residuai Stress in

Grinding hy Cryogenic Cooling”, Proceedings of INCONCRY(Q 85, pp.76-48
{1985).

Barron, R. F., “Monographs on Cryogenic 3: Cryogenics System”, 2nd. Ed.,
Oxford University Press, New York, USA, (1965).

Barrow, G., “A Review of Experimental and Theoretical Techriques for

Assaessing Gutting Temperatures”, Annals of CIRP, Vol.22, pp.203-211,
(1973).



Barrow, G., Graham, W., Kurimote, T. and Leong, Y. F., "Determination of
Rake Face Stress Distribution in Orthogonal Machining”, /nt J Mach. Tool
Des. Res. Vol. 22, pp.75 (1982},

Bartley, E. W., Machinery {E}, Vol. 83, pp.24 {1853).

Beaubien, S. J. and Catlaneg, A. G, “A Study of the Role of Cutting Fluid in
Machining Operations®, Lubrication Engineering, ¥ol.10, pp 74-79 {1664),

Bennetl, E.O., "Water Based Cutling Fluids and Human Heafth”, Tribology
Ini., {1983).

Bennett, E. O and Bennett, D, L., “Occupational Airway Diseases in tha
Metal-working Industry”, Tribology int., Vol. 1 8(3), pp.169-176 (1985},

Bhattacharyya, A., Roy, T. K. and Chattopadhyay, A. B., “Application of
Crycgenic in Metal Machining®, J. of institution of Engineers, India, (1972).

Bhattacharyya, A., “On the Friction Process in Metal Cutting”, Proc. 6th int
Conference on MTDR, Manchester, UK, pp.491-505 (1965).

Bhattacharyya, A., “Metai Cutling-Theory and Practice”, Ceanira! Book
Publishers, india, pp.324-329 (1984).

Braiden, P.M., “The Calibration of Tool-Work Thermocouples”, Proc. 8th int
Conference on MTDR, pp.853-666 { 19673,

Bus, C., Touwen, AL, Veenstm, P.C. and Van Der Wolf, ACH,
“Thermoelectric Characteristics of Carbides”, Proc. 12th Int. Conference on
MTDR, pp.397-400 {1971).

Byme, Gerry, *Thermoelectric Signal Characteristics and Average Intarfacial
temperatures in the Machining of Metals under Geometrically Defined
Conditions", Inf. J. of Machine Tool and Manufacture, Vol.27/2, pp.215-224
{1987).

Byrne, G. and Scholta, E., “Environmenially Clean Machining Process- A
Strategic Approach”, Annals of CIRP, Vol.4211, pp. 471-474, (1 §593).

Cassin, C. and Boothroyed, G., “Lubricetion Action of Cutling Fluids™, J. of
Mechanical Engineering Science, Vol. 7(1}, pp.67-81 (1965},

Chandrasekaran, H., Thuvander, A. and Johansson, J. O., “The Influence of
Cuttmg Fluid on Tool Temperature Distribution in Single Point Turning of
Steel”, 18th AIMTOR Conference, T Kharagpur, India, pp.219-224 (1868).

Chao, B T. and Trigger, K. J., "Temperature Distribution at the Chip-tool
Interface in Metal Cutting”, Trans. of the ASME, Vol.77, pp 1107 {1955)

51



Chatiopadhyay, A. B., Bose, A. and Chatlopadhyay, A. K., "Improvements in
Grinding Steels by Cryogenic Cooling”, /. of Precision Engineering, Vol.7 (2),
pp.53 (1985L

Chattopadhyay, A. B. and Bhattacharya, A., “Cutting Characteristics of
Constant Pressure”, . IE {{}, ME-2, pp.255-275 (1968).

Chatiopadhyay, A. K. and Chatlopadhyay, A. B., “Wear and Performance of
Coated Carbides and Ceramic Tools", Wear, Vol 80, pp.239-253 (1982).

Chen, N. N. S. and Pun, W. K_, “Stresses at the Cutting Tool Wear Land”,
Int. J. of Mach. Tools Manuf, Vol.28(2), pp.79 (1988).

Childs, T. H. C., Mahdi, M. |. and Bamow, G., *On the Stresses Belween the
Chip and Tool during Metal Turning” Annals of CIRP, Vol.38 1), pp.55
(1989). :

Cozzens, D. A, Olson, W. W. and Sutherland, J. W., “An Experimental
Investigation into the Effect of Cutling Fluid Conditions of the Boring of
Aluminum Alloys”, ASME Bound Voiume, {1985).

“Cutting Fluid Management in Small Machine Shop Qperations”, lowa Waste
Reduction Centre, University of Northemn, lowa75 Biology Research
Complex, Cedar Falls, fowa 50614-0185318/273-2079 {1996)

Davies, M. A, Chou, Y. and Evans, C. J., *On Chip Morphology, Toot wear
and Cutling Mechanics in Finish Hard Tuming”, Annals of CIRP, Vol 45/1,
PR.77-82, {1006).

Dieter, G.E., *Mechanical Metaliurgy”, McGraw-Hill int. Book Co. (1981)

Ding, Y. and Hong, 5. Y., "Improvement of Chip Breaking in Machining Low
Carbon Steel by Cryogenically Precooling the Workpiece", Trans. of the
ASME, J, of Manuf. Science and Engg., Vol, 120, pp.78-83 {1998),

Eisen, E. A, Tolbert, P. E., Hallock, M. F. and Monson, R. R., “Mortality
Studies of Machining Fluid Exposure in the Automaobile [ndustry: ii. A
Case-control Study of Larynx Cancer”, Am. J. ind. Med., Vol 26. pp.185-202
(1984),

Ellis, J. and Bamow, G. Annals of CIRP, 17, Pp. 39 (1969).

Evans, C |, "Cryogenic Diamond Turning of Stainless Steel", Annais of CIRP,
Vol. 40{1}, pp.571-575 (1801).

Farocok, A., Varadarajen, A S. and Philip, P. K., “Machinability Studies on

Steel using Hardmetal Inserts with Soft Material Deposit®, Proc. 18" Al India
Conf. MTOR, pp.152-155 (1938).

52



Fillippi, A. . and Ippofito, R., “Face Milling at 180°C™, Annals of CIRP, Vol.19
(1) {1870). :

Gottwein, K, “Die Messung der Schneidentemperatur beim Abdrehen van
Flusseisen®, Maschinenbau, Vol 4, pp.1129-1135 (1825),

Hahn, R. S., “On the Tempemture Developed at the Shear Plane in the Metal
Cutting Processes”, Proc. U. 5. Nat Congress of Applied Mechanics, Trans.
of the ASME, pp.661 (1851).

Heginbotham, W. B, and Gogia, S. L., "Metal Cutling and the Built-Up
Nose", Proc. inst. Mech. Engrs., Vol.175/18, pp.892-909 (1961).

Herber, E.G., *The Measurement of Cutting Temperature®, Froc. of the
Institute of Mechanical Engineering, Vol.1, pp.289-326 (1 926).

Hinterman, H. E. and Chattopedhyay, A. K., “Low Pressure Synthesis of
Diamond Coating®, Annals of CIRP, Vol.42/2 (1993)

Holiis, W. ., “The Application and Effact of Controlied Atrmospheres in the
Machining of Metals", inf. J. of MTDR, {1561),

Hong, 5 Y., Ding, Y. and Ekkins, R. G., “Improving Low Carbon Chip
Breakability by Cryogenic Cooling”, int J. of Machine Tool and Manufaciure,
Vol.39, pp.1065-1085 (1009).

Jawahir, I. 5., “The Tool Restricted Contacl Effect as a Major Influencing
Factor in Chip Breaking: An Experimental Analysis”, Annals of CIRP,
Vol.37/1, pp.121126 (1988).

Jewahir, |. 8. and van Luttervelt, C. A., "Recant Development in Chip Control
Research and Application”, Annals of CIRP, Vol.42/2, pp.659-693 {1953).

Kagwade, T. and Kananuchl, T. *Numerical Analysis of Cuting
Temperature end Flowing Ratios of Generated Heat", ASME int. Thermal,
Series fii, Vol. 31(3), pp.B24 (1588).

Kato, 5., Yameguchi, K and Yamada, M., "Stress Distnbution st the
Interface between Tool and Chip in Machining”, ASME, Tech. £ng. ind.. Pp.
683 (1972).

Kennedy, 5.M., “Acute Pulmonary Responses among Automobile Workings
Exposed to Aerasols of Machining Fluids®, American J of [ndustrial
Medicine, Vol 15, pp.627-841 (1689).

Kitagawa, T., Kubo, A. and Maekawa, K., "Tempearature and Wear of Culting

Tools in High Speed Machining of Inconef 718 and Ti-6v-2Sn", Wear, Vol
202, pp.142-148 {1997).

53



Komanduri, R. and Desai, J., “Tool Materials", Encyclopaedia of Chemical
Technology, 3rd Edition, John Wiley & Sons, NY, 23 pp.273-309 {19883},

Konenberge, M., “Cutling Angle Relationship on Metal Cutting Tools",
Mechanical Engineering, December, pp.801 (1943)

Kosa, T. and Ney, R. P.“Metals Handbook”, Vol.18, ASM, pp.681-707
(1988},

Kurimote, T. and Bamroe, G., "The Influence of Aqueous Fluids on the Wear
Characteristics and Life of Carbide Cutting Tools®, Annals of CIRP, Vol.31/1,
pp.19-23 (19832),

Leith, D., Raynor, P.C., Boundy, M. G. and Cooper, S. J., “Performance of
Industrial Equipment to Collect Coolant Mist”, AIHA J. No.57, {1896).

Leshock, C.E. and $hin, ¥.C., "investigation on Cutling Temperature in
Turning by a Tool-Work Thermocouple Technique®, Trans. of the ASME,
Vol. 118, pp.502-508 (1997).

Li, X.8. and Low, | M., *Ceramic Cutling Tools-An Introduction®, Key Eng.
Meter. Vol.06, pp.1-18 (1994).

Lo Casto, ., Lo Valvo, E. and Micari, F., “Measurement of Temperasture
Distribution within Toel in Metal Cutting. Experimental Tests and Numaricai
Results™, J. of Mech. Working Tech., Val.20, pp.35 {1 989) .

Loewen, E. G. and Shaw M. C., “On the Analysis of Cutting Tool
Temperature”, Trans. of the ASME, Vol.76, pp.217-231 {1854).

Matsumoto, Y. and Hsu, D.C., *Workpiece Temperature Rise during the
Cutting of AISI 4320 Steel”, Wear, Vol. 118, pp.308-317 {1987).

Mazurkiewicz, M., Kubula, Z. and Chow, J., "Metal Machining with high-
pressure Water-Jet Cooling Assistance- A New Possibility*, J. Eng. ind,,
vol.111, pp.7-12 (1989).

Merchant, M. E., “The Physical Chemisty of Cutting Fluid Action”, Am.
Chem. Soc. Div. Petrof Chem., Preprint 3, No. 44, pp.179-189 {1958),

Mondal, B., Chattopadhyay, A.B., Virkar, A. and Paul, A, “Development and
Performance of Zirconia-toughened Alumina Ceramic Tools", Wear, Vol 1586,
pp. 365-383 {1992).

Muraka, P. D., Barrow, G. and Hinduja, S., “Influence of the Process
Variables on the Temperature Distnbution in Grihogonal Machining using the
Finite Element Method™, int. J. Mach. Too! Des. Res. Vol 21, pp.445 (1678).

54



Nashchokin, V. V., “Engineering Thermodynamics and Heat Transfer’, MIR
Publisher, Moscow, the USSR, (1979).

“National industrial Competitiveness through Energy, Environment and
Economics (NICE3)", Air Products and Chemicals, inc., Allentown, PA.
{1897},

Narutaki, N. and Yamane, Y., “Tool Wear and Cutting Temperatures of CBN
Tools in Machining Hardened Steels®, Annals of CIRP, Vol.28/1, pp.23-27
{1979).

Nedess, C. and Hintze, W., “Characteristica Parameters of Chip Control in
Tuming Operations with Indexable Three Bimansionally Shaped Chip
Formers®, Annals of CIRP, Vol.28/1, pp.75-T9 {1989).

Ostafiev, V. A. and Noschenko, A. N., “Numerical Analysis of Three
Dimensiona! Heat Exchange in Oblique Cutting”, Annals of CIRP, Vol 134
(1985)

Paul, 8., “Cryogenic Cooling in Grinding - A New Concapt”, European J. of
Mechanical and Environmentat Engineering, Vol.42, pp.131 {1897).

Paul, S. and Chattopadhyay, A. B,, “The Effect of Cryogenic Caoling on’
Grinding Forces®, /nt J. of Machine Tool and Manufacture, Vol.38 (1),
PP 63-72 {(1966).

Paul, S. and Chattopadhyay, A. 8., “Effects of Cryogenic Cooling by Liquid
Nitrogen Jet on Forces, Temperature and Suface Residual Stresses in
Grinding®, Cryogenics, Vol.35, pp.515-523 (1 895},

Paul, 5., Banerjee, P. P., Das, 5. and Chattopedhyay, A. B., "Effects of
Cryogenic Cooling on Whee! Loading in Grinding Steels®, 16th AIMTOR
Conference, CMTI, Bangalore, pp.478-464 (1954).

Faul, S., Banerjee, P. P. and Chattopadhyay, A. B., “Effects of Cryo-cooling
in Grinding Steels"”, . of Mat. Processing Tech., Vol.37, pp. 791-800, (1993).

Paul, 5., Dhar, N. R. and Chattopadhyay A. B., “Beneficial Effects of
Gryogenic Cocling over Dry and Waet Machining on Tool Wear and Surface
Finish in Tuming AIS! 1060 steal”, Proc. of ICAMT-2000, Malaysia, pp.209-
214 (2000).

Peter, C. R, Steven, C. and Dawd, L., *Evapcration of Polydisperse Multi
Component Cil Droplets”, American Industriaf Hygiene Association, (1996).

Pring, Q. D., "The Influence of Wear on the Temperature Distribution at the
Rake Faca", Annafs of CIRP, Viol. 18, pp.579-584 (1571).

55



Raynor, P. C., Cooper, S. and Leith, D., “Evaporation of Polydisperse
Multicomponent Oil Droplets”, AIHA J. {57}, {1996}

Reed, R. P. and Clark, A. F., *Materials at Low Temperatures”, American
Sociely for Metais, Cames Fublication, Metal Park, OH. (1983}

Rothman, M. F., “High Temperature Property Data: Ferrous Alloy", Metal
Park, OH 44073, USA {1988).

Satoshi, I, Teiji, Y., Shinichi, M. and Kazuo, M., “Machinability of NisAl
Based Intermetallic Compounds”. J. of Makens/ Processing Technology,
Vol.83, pp.181-186 (1997).

Seah, K. H. W., Li, X, and Lee, K. S., “The Efect of Applying Coolant on Too!
Wear in Metal Machining”, /. of Maleria Processing Technology, Vol.48,
pPp.495-501 (1985).

Shaw, M. C., “Metal Culting Principles”, Clarendon Fress, Oxford University
Fress, pp.264-2087 (1984},

Shaw, M. C., Pigott, J. D. and Richardson, . P., "The Effecl of Cutting Fluid
upen Chip-Tool !mterface Temperature®, Trans. of the ASME, Vol.71, pp.45-
56 (1951),

Sheng, P. and Munoz, A., "Environmental issues in Product Design-for-
Manufacture®, 7th Inf. Conf on Design for Manufacturing (1993),

Singamneni, 5. B., “Role of Controlled Contact Cutting on the Mechaniam
and Mechanics of Chip Formation and the Induced Stresses in Tuming
Carbide Inserts”, Docforat Dissertation, Dept. of Mech. Engg., iT Kharagpur
{1983).

Singh, S. B., Chakrabarty, A, K. and Chattopadhyay, A, B., “A Study of the
Efiects of Inclusion Contacl on the Machinability and Wear Characleristics of
0.24% Carbon Steel”, int. J. of Mat. Processing Tech., Yol.86, pp. 90-96
(1997).

Solaja, V., "Wear of Carbide Tools and Surface Finish Generated in Finish-
Turning of Steel”, Wear, Vol. 2(1), pp.45 {1958},

Stephenson, D. A., “Tool-work Themocouple Temperature Measurement:
Theory and Implemantation Issue”, Trans. of the ASME, Vol.115, pp.432-437
(1993).

Stephenson, D. A. and Agapiou, J. 5., "Metal Cutting Theory and Praclice”,
New York, pp.425 (1997).

Stevanson, M. G., Wright, P. K. and Chow, J. G, "Furlher Developments in
Applying the Finita Element Method to the Calculation of Temperature

56



Distributions in Machining and Comparisons with Experiment”, Trans. of the
ASME, Vol.105, pp.149-154 {1983).

Strenskovski, J. S. and Kyung-jin, M., “Finite Element Predicton of Chip
Geometry and Tool and Workpiece Temperature Distributions in Crthogonal
Cutling”, Trans. of the ASME, Vol.112, Pp.313-318 (1990)

Tay, A. O, Stevenson, M. G. and Davis, G. V., “Using the Finite Element
Method to Determine Temperature Distributions in Orlhogenal Machining®,
Proc. IMechE, Vol.188, pp.627-638 {1974).

Tay, A. Q., Stevenson, M, G., Davis, G. V. and Oxley, P. L. B., “A Numerical
Method for Calculating Tempemture Distribution in Machining, from Force
and Shear Angle Measurements”, /nt J Mach. Tool Des Res. Vol.18,
Pp-335-349 {1978)

Thony,C., Theny,J. Lafontaine M.and Limasset, J.C., “Cccurrence of
Polycyche Aromatic Hydrocarbons in Some Culting Oils. Study of the
Corresponding Risk®, Arch. Mal. Prof. Med. Tray. Sec, Soc., Paris 38, pp. 37-
52 (1975).

Thoors, H and Chandrasekaran, H., “Influence of the Cutting Medium on
Tool Wear during Turning®, Swedish instituta for Metal Research, Report No
IM-3118, {1994).

Trent, E. M., “Metal Cutting”, Butterworths, { ondon & Boston, {1984).

Trent, E. M., *The Tribology of Metal Cutting, in Jones, M.H. and Scott, D.
(Eds}, industrial Tribology, The Practical Aspect of Friction”, Lubrication and
Wear, Efsevier, Amsterdam, pp.446-470 (1983).

Tuan, W. H. and Brook, R. J., “The Toughening of Alumina with Nickel
inclusions™, J. of Eru. Ceramic Soc., Vol. 6, pp.31-37 (1990)

Uhera, K. and Kumagai, S., “Chip Formation, Surface Roughness, Cutling
Forces and Tool Wear in Cryogenic Machining®, Annals of CIRP, Vol 17 ),
(1968},

Uhera, K. and Kumagai, S., “Mechanisms of Tool Wear®, J. of Japanese
Society of Precision Engg., Vol. 35 (9), pp.43-49 {1889).

Venkatesh, V. C., "Experimental Technigues in Metal Cutting”, Prentice Hall,
India {1987).

Vieugels, J., “Machining of Steel with Sialon Ceramics: Influenca of Ceramic
and Workpiece Composition on Tool Wear”, Wear, Vol.189, pp.32-44
(1995),

57



Wang. J,, Ponton, C. B., and Marquis, P. M., “Silver Toughened Alumina
Ceramica”, Br. Cerma. Trans., Vol. 92, pp. 67-74, {1993)

Wang, Z. Y., Rajurkar, K. P. and Murugappan, M., “Cryogenic PCBN Tuming
of Ceramic (Si;Na)’, Wear, Vol. 95, pp.1-8 (1996).

Weiner, J. H_, “Shear-Piane Temperature Distribution in QOrthegonal Cutting”,
Trans. of ASME, Vol.77, pp.1331 {1955},

Welter, E.S., “Manufacturing Exposure to Coolant-Lubricants™, J. of
Occupied. Med,, Val.20, pp. 535-538 {1978).

Wrethin, R., Rotberg, J. and Ber, A., "Influence of High Pressure Fiushing,
Through the Rake Face of Cutting Too!l", Annals of CIRP, Vol.4111, pp.101-
106 (1992).

VWright, P. K. and Trent, E. M., “Metallographic Methods of Determining
Temperature Gradients in Cutting Tools”, J fron Stee! inst. pp.364-368
(1973).

Yamaya, 8. and Shibuki, K., “Study of Alumina Ceramic Tools", Tungolay,
Vol.19 (26), pp.34-37 (1974).

58



	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069

