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Abstract

e —— e

Minimumn gquantity lubncation refers to the use of cutting fluids of only a
minute amount—typically of a flow rate of 50 to 500 mlfhour—which is about
three to four orders of magnitude lower than the amount commonly used in
flood cooling condition, where, for example, up to 10 liters of fluid can be
dispensed per minute. The concept of minimum quantity lubrication,
sometimes referred to as near dry lubrication or micro lubrication, has
been suggested since a decade ago as a means of addressing the 1ssues of
environmental intrusiveness and occupational hazards associated with the
airborne cuthng fluid parlicles on factory shop floors. The minimization of
cuting fluid also leads to economical benefits by way of saving lubricant

costs and workpiece/toolimachine cleaning cycle time.

Compared to the dry and wet machining, MQL machining performed many
superiors mainly due to substantal reduction in cutting zone temperature
enabling favorable chip formation and chip-tool interaction. It also provides
substantial reduction in toal wear, which enhanced the tool life, dimensional
accuracy. Furthermore, it provides environment friendliness {maintaining
neat, clean and dry working area, avoiding inconvenience and health hazards
due to heal, smoke, fumes, gases etc. and preventing pollution of the
surroundings) and impraves the machinability characteristics.
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Chanter-1

Introduction

Machining involves extensive plastic deformation ahead of the tool in a
narrow shear zone and frichion between the rake face and the chip; high tocl
temperatures, freshly generated, chemically active sufaces (underside of the
chip and the machined surface) that can interact extensively with the tool
material and high mechanical and thermal stresses on the tool [Kemanduri
and Desai 1983] Further, the shear and frictton in the cutting process
interact with enabling changes in friclion to be accompanied by similar
changes in the shear, resulting in further reduction in the overall energy
requirements. The frictional erergy in machining can account for some Y te
1/3 of the tolal cuiting energy, which depending on the lype of cutting
operation can range up to 69 X 10 Nm/m*. The current trend in machining
practice is higher material removal rates and or higher cutting speeds. The
cutting tool must resist these severe conditions and provide a sufliciently
long economical tool life. Often, a cutting fluid is used to reduce the tool
temperatures by coocling and reduced the heat generated due to fnction by
acting as a lubncant The net result is reduced tool forces or cutting energy

and increased tool life.

Any manufacturing process for its fruitful implementation essentialiy needs to
be technologically acceptable, technically feasible and economically viable.
The fourth dimension that has been a great concern of the modern industries
and society is environment-friendliness in and around tha manufacturing

shops. The performance and service life of engineering component depends



on their material, dimensional and forms accuracy and surface guality.
Machining and grinding 15 done to attain the desired accuracy and surface

integrity fimish the preformed blanks.

The growing demand for higher productivity, product quality and overall
economy in manufactunng by machining and grinding, particularly to meet
the challenges thrown by liberalization and global cost competitiveness,
insists high material removal rate ang high stability and long life of the ¢utting
tmols. But high production machining and grinding with high cutling velocity,
faed and depth of cut is inherently asscciated with generefion of large
amount of heat and high cutting tempereture. Such high cutting temperature
not only reduces dimensional accuracy and tool life but also imparrs the

surface integrity of the product.

l.onger cuts under migh cutting temperature cause thermal expansion and
distortion of the job parlicularly i it 1s slender and smell in size, which leads
to dimensional and form inaccuracy. On the aother hend, high cutting
temperature accelerates the growth of too! weer end also enbances the
chances of premature failure of the tocl by plastic deformation and thermal
fracturing. The surface quality of the products alsc deteriorates with the
ingrease N cutting temperalure due to built-up-edge formation, oxidation,
rapid corrasion and induction of tensile residual stress and surface micro-
cracks. These prablems are mare predominent in grinding where cutting
temperature is, as such, very high due to much higher specific energy
regurement and cutting velocity. Such prablem bectomes more acute and
serious if the work materials are very hard, strong and heat resistive and
when the machined ar ground part is subjected to dynamic or shock ioading
during their functional operations. Therefore, it 1s essental to reduce the
cutting temperature as far as possible. In industries, the machining
temperature and its detrimental effects are generally reduced by {a) proper
selection of process parameters, geometry of the cutting tools and proper
sefection and application of cutting fluid and {b) using heet and wear
resistant cutling tool materials like carbides, coated carbides and high

2



perlormance ceramics (CBN and diamond are extremely heat and wear
resistive but those are too expensive and are justified for very spectal work

materials and requirements where ather tools are not effective)

Cutting fluid not only cools the tool and job but also provides lubncation and
cleans the cutting zone and protects the nascent finished surace from
contamination by the harmful gases present in the atmosphere But the
conventional types and methods of application of culting fluid have been
found to become less effective. With the increase in culting velocity and feed,
the cutting fluid cannct properly enter the chip-tool interface ta cool and
lubricate due to bulk plastic contact of the chip with the tooi rake surface.
Besides that, often in high produclion machining the cutting fluid may cause
premature failure of the cutling tool by fracturing due to close curling of the
chips and thermal shocks. For which apphcation of high pressure cooling
type water base cutting fiuids are generally avoided in machining steels by
brittle type cutting tools like carbides and ceramics. But what is of more
serious concern is the pollution of the working environment caused by use of

cutting fluid, particularly cil-basad type.

The major socio-economic problems that anse due to conventional type and
method of application of cutting fluids are {a) inconvaniencas due o wetting
and dirtiness of the working zone (b) possible damage of the machine tool by
corrosion and mixing of the cutting fluid with the lubricants (¢} environmental
pollution due to break down of the cutting fluid into harmful gases and
hiological hazards to the operafors from bacterial growlh in the cutting fluids
and {d) requirement of addillonal systems for local storage, pumping,
filtration, recyeling, re-cooling, large space and disposal of the cutting fluid,
which causes soil cn:rnta_':'nination and water pollution

The modern industries are, therefore, looking for possible means of dry (near
dry}, clean, neal and pollution free machining and grinding. Minimum quantity
lubrication refers to the use of cutling fluids of only a minute amount-typically
of a flow rate of B0 to 500 mlfhour-which is about threa to four orders of

3



magnitude [ower than the amount commonfy used in flood cooling condition,
where, for example, up to 10 liters of fiud can be dispensed per minute, The
concept of minimum guantty lubrication, sometimes referred to as “near dry
lubricalion” [Klocke and Eisenbtatter, 1997] ar *micro lubrication” [MaClure
et al, 2001], has been suggested since a decade ago es a means of
addressing the issues of environmental intrusivenass and occupational
hazards associated with the arborne cutting fluid particles on factory shop
floors {@s shown in Fig.1 1}, The minimization of cutling fluid also leads to
economical benefits by way of seving lubncant costs and workpieceftoglf

machine cleaning cycle tme,
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Fig. 1.1 History of dry machiring development

1.1 Literature'Review

Use of cutling fluids was always considered a solution rather than a prablem
in machining, at least till recently. They serve many useful functions,
including, cooling of the cutting tool at higher speeds, Ilubrication at low
speeds and high loads, increasing tool life, improving the surface fimish,
reducing lhe cutting forces and power cdnsumption, reducing the distorlion

due to temperature rise in the workpiece, chip handling and disposal,
il



providing a protective layer on the machined surface from oxidation and
protection of the machine tool components from rust. For a long time,
because af the limitations on the tool materials available, the use of cutting
fluils was considered as an essential integral parl of the machine tool
system. All the ill effects associated with the use of cuting fluids were
considered as a price for improving productivity. Various methods were
developed to minimize their adverse effects although progress was far less
than desired. The detrimental effects of the cutling fluids include the cost of
the cutting fluid system, i.e. the fluid itself, pumping systems, collection and
filtration system, storage and disposal and sometimes a recalculating system
etc, the physiological effects on the operator, namely, toxic vapors,
unpleasant odors, smoke fumes, skin rrtations {dermatitis), or effects from
bacteria cultures from the cutting fluid, and its overall effect on the worker
safety and on the environment. In some applications the consumption of
cutting fluids has been reduced drastically by using mist lubrication.
However, mist in the industrial environment can have a serious respiratory
effect on the operator. Conseguently, high standards are being set to
minimize this effect. Until now, ample research and investigations hava been
dane in different parts of the world on machinability of different materials
mainly in respect of chip morphology, cutting forces, cutting temperature,
chip tool inleraction, dimensional accuracy, surface integnty and wear and
life of culting tool with and without {dry machining) using cutting fiuid.
Enviranmental pollution ansing out of conventional cutting fluid applications
has been a serious concern of the modern machining industries. Research
has also been initiated on control of such pollution by minimum guantity of
ubrication (MQL} and their technological effects particularly in temperature
intensive machining and grinding. A brief review of some of the interesting
and imporfant contributions in the closely related areas is presented in his

sechion.



1.1.1 Effects and control of cutting temperature

Machining is inherentlytcharactermed by generation of heat and high cutting
temperature. At such elevated temperalure the cutting tool if not enough hot
hard may lose ther form stability quickly or wear out rapidly resulting in
mncreased cutling forces, dimensional inaccuracy of the product and shorler
tool Wfe. The magnitude of this cutting temperalure increases, though In
different degree, with the increase of cutting velocity, feed and depth of cut,
as a result, high production machining is constrained by rise in temperature.
This problem increases furlher with the increase in strength and hardness of

the wark material.

it was observed [Jawahir and van Luttervelt 1993] that, in machining
ductile metals producing long chips, the chip-lool contact length has a direct
influence on the cuthng temperature and thermo-chemical wear of cutting
fools. The cutting temperature becomes higher on the rake face of the tool at
a certain distance from the cutting edge where cratering occurs. Such high

rake face lemperature can also raise the temperature at the flank of the togl.

In addtion to usual flank wear and crater waar the culting tools often altain
notching on the flanks and groaving on the rake surface at the outer ends of
the engaged porlions of the culting 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 cutling edge,
the grooving wear is characterized by smaller mulfiple notches. Several
mechanisms have been proposed [Solaja 1958] to explain grooving wear,
such as {(a) development of a work-hardened/abrasive oxide layer on the cut
surface (b} farmation of thermal cracks due to steep temperature gradient (¢}
presence of side-spread material al the edges of a newly cut sudace and (d)
fatigue of tool material due to cutling force fluctuations at the free surfece

caused by lateral motions of the edges of the chip



1
Trent [19B3] also reporled that in machining ductile metals, the chip contact

length plays significant role on the chip and tool temperature which becomes
maximum aimost at the center of the chip-teol contact surface where then

craler wear begins and grooves intensively

Kosa et al [1989] suggested lhat in machining ductile metals, the heat and
temperature developed due to plastic deformation and rubbing of the chips
with tool may cause continuous bult-up of welded debns which alfects
machining operation. Austeritic slainless steels are generally considered
difficult-to-machine because of high work-hardening rate, toughness and
ductility, Therefore, tools will be subjected to high frictional heat, and chips
will have a tendency te stick and cause severe bult-up edge formation.

The heat generated during machining [Trent 1984] also raises the
termperature of the cutting tool tips and the work-surface near the cutting
zone. Due to such high temperature and pressure the cutting edge deforms
plastically and wears rapidly, which laad to dimensional inaccuracy, increase
in cutting forces and premature tool failure. On the other hend, the cutting
termperature, if it is high and is not centrolled, worsens the surace
topography and impairs the surace integrity by oxidation and introducing
residual stresses, micro-cracks and structural changes.

Reed et al. [1983] reported that the hardness, plastic modulus and the
fraclure toughness of the tool decline with increase in cutting temperature,
which accelerates tool wear rate. Moreover, thermal stressas in the tool
increase with the temperature resulting in more cracks in the tool and
premature failure of the tool. The tigh cutling temperature also causes
mechanical and chemical damage of the finished surface.

Vleugels et al. [1995] abserved that the contact length between the tool and
chip has a direct influence on the cutling temperatures and the amount of
heat energy that is dissipated in the tool which enhances thermally activaled

chemical wear. Maximum temperature is found to develop on the rake face

7



of the tool, at a cerlain distance from the cutting edge, where cratering
occurs. The amount of energy dissipated through the rake face of the tool

also raises the temperature at the flanks of the lool.

The high specific energy required n machinng under high cutling velocity
and unfavorable condilion of machining resufts in very high temperature,
which reduces the dimensional accuracy and tool life by plastic deformation
and rapd wear of the cutting 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 severe plastic flow of work
material, oxidation and by inducing large tensile residual stresses, micro
cracks and subsurlace cracks. This problem is furlher intensified while
machining for faster matenal removal in bulk and finishing very hard, strong
and difficult-to-machine matenals that are gradually adventing with 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
cutling zone because it is believed that it has a direct impact on tool life
[Chac and Trigger 1955]. The primary function of cutting fluids 1s to reduce
this cutting temperature and increase tool life [Shaw et al. 1951). The cutting
fluids are believed to reduce culting temperature either by removing heat as
a coolant or redusing the heat generation as a lubncant. In eddition, the
cutting fluid has a practica! function as a chip-handling medium [Beaubien
1864]. Cutting fluids also help in machining of ductile materiais by reducing
or preventing formation of a buill-up edge (BUE), which degrades the surface
fimsh [Heginbotham and Gogia 1961).

Usually profuse cooling {Alaxender et al, 1998, Kurimoto and Barroe 1982
and Wrethin et al. 1992] conlrols the high cutting temperature. But such
profuse cooling with conventional culling fluids is not able to solve these

prablems fully even whizn employed in ihe form of et or rmigt. With the advent
B

"
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of some modern machining process and harder materials and for demand for
precision machining, the conlrol of machining temperature by more effective

and eflicient cooling has become extremely essential.

Generally, suitable cutting fluid is employed to reduce this problem through
cooling and lubrication at the cutting zone. But it has been experienced
[Cassin and Boothroyed 1965] lhat lubrication is effeclive at low speeds
when 1t is accompiished by diffusion through the workpiece and by forming
solid boundary layers from the extreme pressure addtives, but at high
speeds no sufficient lubricaton effect is evident. The ineflectiveness of
lubrication of the cutting fluid at high speed machining is attributed [Shaw et
al. 1951] to the inability of the cutting fluid to reach the actual cutling zone
and particularly at the chip-tool interface due to bulk or plastic contact at high

cutting speed. !

‘The cooling and lubricating effects by cutting fluid {flood cooling) [Merchant

1858 and Kitagawa et al. 1997] influence each other and diminish with
increase 0 cutling velocity. Since the cutting fluid does not enter the chip-
tool interface during high speed machining, the cutting fluid action 18 imiled
to bulk heat removal only. Mazurkiewicz [1989] reporied that a coolant
applied at the cutting zone through a high pressure jet nozzle could reduce
the contact fength and coefficient of friction at chip-fool interface and thus
could reduce cutting forces and increase tool life to some extent.

In machining ductile metals even wilh cutting fluid, the increase in cutling
velocity reduces the ductility of the work material and causes production of
long continuous chips, which raises the cutting temperature further [Nedess
and Hinlze 1989].

The effect of the heat generated at the primary shear zone is less significant
far its lesser intensity and distance from the rake surface. But the heat
generated at the chip-tool intedace 1s of much greater significance,

particularly under high cutting speed conditions where the heat source is a

LS



thin Row-zone seized to the tool [Trent 1984]. The coolant cannot act directly
on this thin zone but only externally cools the chip, workpiece and the tool,
which are accessible to the coolant. Removal of heat by conduction through
lhe chip and the workpiece is likely lo have relatively little affect on the

temperature at the chip-tool and work-taol interface.

A cutting fiuid may imparl iwo more actions, namely the mechanical strength
raducing action and the etectro-chemical action. The mechamcal strength
reducing action (known as the Rehbinder effect) seemed 1o be negligible
when steel jobs ere machined at moderate cutling speeds with carbide tools
[Kurimoto and Barroe 1982]. The influence of the electric current flowing
through the cutting zone on (he rate of tool wear is also well known [Ellis
and Barrow 1969]. However, most commercial cutting fluids are non electro-
conductive, and as such the situation with respect to current flow will not vary
significantly from the dry cutting case. The electrochemical action 1s treated

as a corrosion phenomenon in respecl of tool wear,

The machining temperature could be reduced to some extent by improving
the machinability characteristics of the work material metatlurgically,
oplimizing the too! geometry and by proper selection of the process
parameters [Muraka 1979, Dieter 1981 and Jawahir 1988]. Some recent
fechniques have enabled partial cortrot of the machining temperature by
using heat resistance tools lke coated carbides, CBN etc The thermal
deterioration of the cutting tools can be reduced by using CEN tools
[Narutaki and Yamane 1979]. If properly manufactured, selected and used,
CBN tool provides much less cutting forces, temperature and hence less
tensile residual stresses [Davies et al. 19396]. But CBN lools are very
expensive.
‘

A tribclogical experimént was attempted [Farook et al. 1998] fo modify the
contact surface of turning inserls by deposition of a soft bearing matenal by
ECM. 1t was observed that although the modified insers offer reduced
cutting farce, their beneficial eflect on surface finish is marginal. At higher

10



culting velocities the brought on layers are fast depleted with cutting time and
mekes no contribution lo wear resistance of the tool, especially at the flanks.
It was reporled [Alaxender et al. 1998] that coolant injection offers better
cutting performance in terms of surface finish, tool forca and ool wear when

compared 1o flood cooling.

A recent development [Chandrasekaran et al. 1998] in lhis context is he
use of Cop snow as the coolanl In machining. This is feasible if Cog in hquid
form under pressure (60 bars} is fed to the cutting zone and diffused through
a capillary jet. This results in a change of state and the formation of Cop

snow {endothermic reaction resulting in a temperature of ~79°C). Earlier
investigations [Thoors and Chandrasekaran 1994] observed that Co» snow

could function as a good culting fluid/coolant under cerlain circumstances,
which are very much related to the tool-work combination and the actual

made of feeding lhe coolant to he cutting zone.

1.1.2 Adverse effects of cutting fluid applications

Traditonally, the manufacture 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 eliminate their waste streams.
The waste streams present in machining include cutting fluid flow, chip flow,

and cutting tool usage.

The application of cutting fiuid may not always reduce the cutfing tool wear
as is commonly believed. Rather some conditions like machining steels by
carbide tools, the use of coolant may increase fool wear It has been
experienced [Shaw et al. 1951] that there was more tool wear when cutting
with coolant than cutting dry in case of machining AlS1 1020 and AlSi 4340
steels by M-2 high speed steel tool cutting. Seah et al. [1995] also reporied
that at the first stage of machining {first 40 seconds or sp), tool wear was

11



faster in wet cutling than in dry culting. Later on, the wear rate stabilized and

was somewhat the samé for both dry and wet cutting.

During machining, the cutting too! generally undergoes [Trent 1983] both
flamk wear and crater wear. Flank wear generally causes an increase In the
cutting forces, dmensional inaccuracy and vibration. Crater wear takes place
on the rake face of the too! where the chip slides over the tool surface.
Another experimental investigabon was conducted [Cozzens et al. 1985] on
single point boring. This was amed to study the role of culting fliid, toel and
workpiece material, tool geometry and cutting conditions on machinability.
The results indicated that the cutting fluid conditions had no significant effect
on surface lexture, forces and built-up edge. Since hoting 15 a high-speed
operation and lubrication is ineffective, no effect was seen on the forces.
However, the cutting fluid was found to have a significant effect on surface

integrity.

Proper selection and application of cutting fluid generally improves tool life.
At low cutting speed almost four times longer tool life was obtained [Satoshi
et at, 1997] by such cutting fluid. But surface finish did not improve
significantly. Wearing of cutting tools nat only causes loss of the cutting
edges or tips of the ins;:ns but loss of he entire inserf after wear of all the
corners. Fram an environmental perspective, therefare, the sigrificant wasle
is not the porlion of the tool worn away by the tool-work cantact, but the
remaining portion of the tool that is disposed after its useful life {Sheng and
Munoz 19931].

Manufacturing by machining constitutes major industrial ac-tiwnes in global
perspective. Like other manufacturing activities, machining also leads to
environmental pollution {Ding and Hong 1998 and Hong et al. 1999] mainly
hecause of use of cutting fluds. These fluids often contain suifur (S),
phosphorus (P}, chlaring {Cl} or other extreme-pressure additives to improve
the lubricating perfarmance. These chemicals present health hazards,
Furthermore, the cost of treating the waste liquid is high and the treatment

12



itself is a source of air pollution. The major problems that arise due to use of

cutting fluids are [Aronson 1995]

Since beginning of lwentieth century people [Peter et al.1996, Welter 1978,
Kennedy 1989 and Thony et al. 1975 were concerned with possible

environmental pollution due to breakdown of the cutling fluids into
harmful gases al high cutting temperature (Fig.1.2)

biplogical hazards to the operators from the bactenal growth in the

cutting fluids
requirements of additiona! systems for pumping, local storage, filtration,
temporary recycling, cooling and large space requirement
disposal of the spent cutting fluds which also offer high risk of water

pollution and soit contamination
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Fig. 1.2 Mt formation during machining with flood cooling

harmful effects of various cutting fluid application.

It has been estimated [Bennett 1983] that about one million waorkers are
exposed to cutting fluids in the United States alone. Since cutting fluds are

complex in composition, they may be more toxic than their constituents and

13



may be iritant ar allergenic Also, both bacterta and fungi can effectively
colonize the cutting fluids and serve as source of microbial toxing Hence
significant negalive effects, in terms of environmental, health, and safety
cansequences, are associated with the use of cutting fluids. The effects of
exposure to the fluids on health have been studied for over 30 years
beginning with the concern that cutting fluid {oil} 1s & potential etiologic factor
for eccupational skin cancer (Epidemiclagical studies indicate that long-term
exposure to metalworking fluids can lead 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 the
workplace is carcinogenic {Peter et al.1996] Basically, workers are exposed
to metal cutting fluids via three routes [Bennett et al. 1985]; skin axposure,

aerial exposure and ingestion (Fig.1.3}.
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Fig. 1.3 Cost and health hazard of using cutting fiuid

Skin exposure is the dominant route of exposure, and it is believed that
aboul 80 percent of all occupational diseases are caused by skin contact
with fuids [Bennett et al.1985]. Cutting fluids are important causes of
occupational contact dermatitis, which may invoive gilher irntant or allergic
mechanisms., Water mixed fluids generally determine irritant contact
dermatitis and allergic contact dermalilis when they are in touch with workers
akin. Won-water-miscible fluds usually cause skin disorders such as

foliculitis, oil acne, keratoses and carcinomas (Fig.1.4).
4
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lowa Waste Reduction Center [1998] reporled that besides potential skin and
eye contact, inhalation 1s also & way lo occupational exposure, Misls are
aorosois comprised of liquid particles (less than 20 um). During machining
process, a considerable amount of heat is generated for which the cutting
flud may attain a temperature sufficently higher than the saluration
temperature The vapor is produced at the solid-liquid interface as 2 result of
boiling. Yapor may be generated also at the liquid-air interlace when the fluid
vapor pressure is less than the saluration pressure, namely as evaporation
phenomena. Vapor ganerated then may condense to form mist (Fig.1.1 and
Fig 1.4). The non-agueous components of the culting fluid, such as the
biocide additives, appear as fine aerosol that can enter the workroom air.
Additionally, the cutting fluids impact with both stationary and rotating
elements within the machine tool system, which leads to mechanical energy
being transmitled o ihe flud. Thus, the cutting fluid has higher surface
energy and becomes less stable and disintegrates into drops {atormnization}.
The spray from the fluid application also may generate mist. A total fluid loss
of 5 to 20 percent 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 drifting droplets
tend evaporate further Inhaled parlicles {with aerodynamic diameters less
than 10 um} deposit in the various regions of the respiratory system by the
complex action of the different deposition mechanisms. The parliculate below
2.5 ym aerodynamic diameter depasit primarily in the alveolar regions which
15 the most sensitive region of lung. The parliculate In size ranges from 2.3
pm to 10-pm deposits primarily in the airways. The potential health effects of
exposure to cutting fluid mists have been the subjects of epidemiological
sfudies in the automotive industry. The mist droplets can cause throat,
pancreas, rectum, and prostate cancers, as well as breathing problems and
respiratory illnesses. One acute effect observed is mild and reversible
narrowing of airways durnng exposure to cutling fluid mist [Kennedy 1989].
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Several other epidemiological studies have also suggested that exposure to
fluid mist may be associated with 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 {largely due lo fluig mist) is 3

mg/m3, and the United Autoworkers {UAW) has proposed a reduction in the
slandard to 0.5 mg/m3. The ail mist level in a plant ranged from 4.2 to 15.8

mg/m3 but fell to between 0.47 to 1.68 mg/im® when a different cutting fluid
was substituted i the system [Welter 1978].

Fig.1.4 Mist formation during turning operation under
flood cooling condition

Anli misting compounds, such as a polymetha-acrylate polymer, Roly-
isobutylene and poly-n-butane in cancentrations of 0.2% as well as poly (1,
2-butene axide) have been suggested for addition into cutting fluids [Bennett
et al. 1985]. But, corsideration must be given to the effects of these
chemicals upon humans. The most effective way to contral mist exposure is
to use mist collector to prevent mist from entering plant air [Leith et ai.
1996]. Many cullectorsl use several stages of filters in series for the purpose,
Other collectors use centrifugat cells or electrostatic precipitators  as
intermediate slages Any collector using a 95% Di-Octyl Phthalate (DOP} or
High-Efficiency Particulata Air (HEPA) filter as a final colleclion stage has

been tested as high efficiency when new. However, its efficiency will
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decrease with time. Moreover, the oil droplets may undergo parlial or
complete evaparation as they travel 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

Pollution free manufacturing is increasingly gaining interest due to recent
development of polution-prevenlion legislation, European initiatives on
product take-back or 'recycling, which affect many exper industries in the
US, and a growing consumer, demand for green products and production
processes. Concern for the environment, health and safety of the operators,
as well as the requirements to enforce the environmental protection laws and
occupational safety and health regulations are compelling the industry to
consider a MQL machining process as one of the viable alternative instead of

using conventional cutting fluds.

Cutting 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 litereture identfies two primary funclions of cutting fluids in
machining operations: lubrication to reduce process fniction and cooling to
remove process generated heat. A secondary function of the culting Huid is
to transport the chips from the cutting zone. Cutting fluid systems are used in
industry to deliver fluid to the cutting process, re-circulate flud, separale
chips, and collect fluid mists. The machining costs {labor and overhead) in
the US alone are estimated to be 3300 billion/fyear [Komanduri and Desai
1983). The costs associated with the use of cutting fluids 1s estimaled to be
about 16% of the marr"‘uufacturing costs [Byrne and Scholta 1993] which is
many mare 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 1s associated with the use of cutting fluids
(procurement, maintenance and dispesal} while only 4% of the cost was
associated with cutting tools [Aronson 1995]. The use of cutting fluids alsa

requires additional equipment for plant housekeeping.
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1.1.3 Summary of the review

A review of the llerature on machinability of different commercial steel
highlights the immense potential of the control of machining temperature and
its detrimental effecls It is realized that the machining temperature has a
crtical influence an cH’tp reduction coefficient, cutting forces, tool wear and
toal life. All these responses are very important in deciding the overall
performance of the fool. At the elevated temperalure the cutling tools may
undergo plastic deformation and attain rapid tool wear because by adhesive,
abrasive, chemical and diffusion wear at the flanks and the crater. The
dimensional accuracy and surface integrity of the workpiece also deteriorate
due to high temperature. The conventional cutting fluids are not that effective
in high speed machining parlicularly in continuous cutling of materials likes
steels. Furfher lhe conventional cutting fluids ere not environment friendly.
The disposat of the cutting fluids often leads to local water pollution and soil
contamination. Recycling and reuse of conventional cutting fluids are further

problems.

Metal cutting fluids changes the performance of machining operations
because of their lubrication, cogling and chip flushing functions Typically, in
the machining of hardened steel materials, no cutting fluid is applied in the
interest of low cutting forces and low environmental impacts. Minimum
quantity lubrication (MQL) presents itself as a viable alternative for hard
machining with respect to tool wear, heat dissertation and machined surface
guality. This research compares the mechanical performance of mimimum
quantity lubnication to completely dry |ubrication for the turning of steel based
on experimental measurement of cuttng temperature, chip formation,

dimensional deviation.

1.2 Objectives of the Present Work

It is revealed from the aforesaid lteralure survey that MQL can substantially

control the cutting temperature, which is the cause of several problems
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resiraining productivity, quality and hence machining economy. The growing
demands for high MRR, mainly the high cuting lemperature restrains
precision and effective machining aof exotic materials. Thorough investigation
is essential lo explore tI:e potential benelits of MQL machining 1 such cases

But enough work has not bean done systematically yet in this direction.

The main objective of the present work 1s lo make a thorough and systematic
experimental investigation on the role of MGL on the major machinability

characteristics and overall bengfils in respects of
i chip shape, chip color and chip reduction coefficient
i, cutting temperature and

i dimensional daviation

in machining AISI 1040 steel by the industrially used carbide tool (uncoated)

~ at different speeds, feeds and depth of cut combinations.

The scopes of the present work are design and development of

i.  aminimum quantity lubrication {(MQL) applicator
ii. an MQL machining set up

i atemperature rne%nsuring technique
and analysis of data by
i. collecting chip for categorizing with respect to their shape and color

i. collecling chip for measuning chip reduction co-efficient and

. measuring dimensional deviation
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Chapter-2

Design and Development
of MQL Applicator

m

2.1 Introduction

The high cutting temperature generated during machining not only reduces
tool life but also impairs the product quality. The temperature becomes more
. intensive when cutting velocity and feed are increased for higher MRR and
the work materials are relatively difficult to machine for their high sirength,
hardenability and lesser thermal conductivity. Cutting fluids are widely used
to reduce the cutting temperature. But the major problems associated with
the use of conventional methods and type of cutting fluids, which are mostly

ot based, are:

. ineffectiveriess in desired coaling and lubncation

. health hazards due to generation of obnoxious gases and baclerial
growlh

» inconvenience due to uncleanliness of the working zone

s corrasion and contamination of the lubricating system of the machine
toois

- need of storage, additional floor space, pumping system, recycling and
disposal

. enviranmental pollution and contamination of soil and water.



In this regard, It has already been observed through previous research that
proper application of MQL may play vilal role in providing not only

environment friendliness but also some techno-ecanomical benefits,

+
¥
For achieving substantial technological and economical benefits in addition

ta environment friendliness, the MQL system needs to be properly designed

considering the following imporiant factors:

. effective cooling by enabling MQL jet reach as close to the actual hot
zones as possible

) avoidance of bulk cooling of the toot and the job, which may cause
unfavorable metaliurgical changes

. mirimum consumption of cuting fluid by pin-pointed impingement and

only during chip formalion

. 2.2 Design and Fabrication of the MQL Delivery
System

Minimum quantity lubrication refers to the use of culting fluids of only a
minute amount-typically of a flow rate of 50 to 500 mifhour-which is about
three 1o four orders of magnitude lower than the amn:-.‘:unt gommanty used In
flood cocling condition, where, for example, up to 10 liters of fluid can be
dispensed per minute. The concept of minimum guantity lubrication,
sometimes referred to as near dry lubrication or micrelubrication, has
been suggested since a decade ago gs a means of addressing thé issues of
environmental intrusiveness and occupational hazards associated with the
airborne cutting fluid parlicles on faclory shop floors. The minimization of
cutting fluid also leads to economical benefits by way of saving Iutbricant
costs and workpieceftool/machine cleaning cycle time. Compressar supplies
high-pressure air (7 bar) and the pump supplies the cutting fluid {60 mi/hr)
from the cutting fluid reservoir tank. The eir and the cutling fluid are mixed in
a mixing chamber so that the mixture contains Minimum CQuantity of
Lubricants {MQL). The mixture of cutting fluid and air (MQL) is impinged at a
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high speed through the nozzle at the chip-fool interface. The schematic view

of the minimum quantity lubncalion applicatar is shown in Fig 2.1.
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Fig. 2.1 Schematic view of MOQL unit

2.3 Design and Fabrication of the Nozzle

The nozzie has been designed so that the nozzle spray pattern, covering
area and MQL rate can be controlled. The nozzle developed and used and
its setting along the tool holder are shown in Fig.2.2. The nozzle with wo
fips of 1.5.0 mm bore dameter was fixed to the tool post and is
connected with flexible pipe connecting end to supply MQL in the form of jets
to the cutling zone. The expecdled result of this arrangement is effective



cooling with economical MQL dispensing. The construction and setting of the

nozzle tips have been made pnmarily aiming:

» less interference with the lowing chips
. high speed MQL jat reaching guite close to the chip-tool contact zone

. simple and low cost.
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Experimental Investigations

3.1 Experimental Procedure and Conditions

The beneficial role of MAL on environment friendiiness has already been
established. The aim of the present work is primarily to explore end evaluate
the role of such MQL on machinabllity charactenstics of some commonly
" used tool-work combinations mainly in terms of cutting temperature and chip-

forms, which govern productivity, product quality and overall econgmy.

The machining tests have been carried out by straight turning of AISI-1040
steel on a {athe {4 hp' BMTF, Bangladesh) by standard uncoated carbide
insert at different cutting velocilies (V) and feeds (S;) under dry, wet and
ML conditions.

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 continupus chips having more intimate and wide
chip-tool contact. Again, the culting temperature increases furlher with the
increase in strength and hardness of the steels for more specific energy
requirement. Keeping these facts in view the commonly used steel iike AlSI-
1040 steel has been underaken for the present investigations. The
compositions, strength, hardness and industrial use of this steel are given in
Table 3.1,



Table-3.1 Charactenstics of the used steel [Rothman 1988 & Bagchi 1979]

Work |BHN uTs Chemical Applications
material (Kgffmm?) | composition (wt %)
AlSI1 1040 180 63 € - 0410, * Shafts & crank shafts
steel hn - 0.700, » Automchile axles
koo 0.040, ,
s - 0.050 » Spindles
» Lightly stressed gears

Machining industries generally use sintered carbide tools, both uncoated and
coated for machining steels. High perarmance tools like ceramics toughened
and strengthened by stabilizad zirconia [Mondal et al. 1992] metals [Tuan
and Brook 1990 and Wang et al.1993] and SiC whiskers [L and Low 1994]
and CBN [Narutaki and Yamane 1979] are also used now-a-days by tha
modern indusines. Bui such tpols are not ondy expensive but also require
very rugged and powerful machine tools, which common industries cannot
always afford. Diamond tools [Hinterman and Chattopadhyay 1993] are
excellent performing for exolic matenals excepting ferrous metals which
graphitise diamond.

Considering common interest and time constraint only uncoated carbide
nserls of grade P30 have been used for the present work. Wide scope will
remain for further study on MQL effect in machining steels by coated
carbides and exotic matenals by high pedormance ceramics, CBN and

diamond.

Effectiveness of cooling and the relaled benefits depend on how closely the
MGL jet can reach the chip-tool and the work-tool interfaces where, apart
from the prmary shear zone, heatl is generated. The lool geomelry s
reasonably expected to play significant role on such cooling effectiveness.
Keeping this view tool configuration (Drillco} namely SNMM-120408 has
been underlaken for the present investigation The inserts were clamped in a
PSBHNR-2525 M12 {DriIIEcD} type tooi holder.
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The positioning of the nozzie tip with respect to the cutting insert has been
settled after a number of trials. The final arrangement made and used has
been shown in Fig.3.1. The MGL jet is directed aleng the main cutting edge
to reach at the principal flank and partially under the flowing chips through
the in-built groove parallel lo ihe cutling edges. The photographic view of the
experimental set-up is shown in Fig.3.2.

Woerkpiece

MGIL delivery S
nozzle

Fig. 3.1 Photographic view of MQL delivery nczzle injecting MGL during
machining

The machining respanses thal have been studied and evaluated for
assessing the machinability characteristics of the steel specimen under both
dry, wet (flood cooling) and minimuem quantity lubrication (MQL) conditions
are indicated in Table 3.2. It has already been reporled [Dhar et al 2002,
Paul et al. 2000 and Seah et al. 1995] that use of conventional cutting fluids
{fwet machining} does not serve the desired purpose in machining steels by
carbides, rather reduces toaol life and often may cause premature failure of
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the inserl by brittle fracture. The conditions under which the machining tests

have been carried out are briefly given in Table 3.3.

QL

: - Hrhr
A, .t e e L o S AR e o

Fig. 3.2 Photographic view of lhe experimental set-up for turning steel with

Table-3.2 Machining responses investigated

Investigation on Environment
Dry Wet MaL
Temperature calibration
Cutting temperature ] [}
Chip morphology  * i 4
Dimensional deviation /] [
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Table-3.3 Experimental conditions

Machine tooi BEMTF Lathe, Bangladesh, 4 hp
Work material AlS| 1040 steel (size: @110 X 620 mm)

Cutting tool Carbide, TTS {P-30 150 specificatian), Crillco

SNMM 120408
Tool holder PSBNR 2525 M12 (ISC specification), Drillco
Geometry -6°, -6°, 6°, 6°, 15° 75° 0.8 (mm)
Process parameters
Cutting velocity, V. 64, 80, 90 and 130 m/min

Feed rate, 5, 010, 0,13, 0,46 and 0.20 mmfrey

Cepth of cut, 1.0 mm
MQL supply Air: 7 bar, Lubricant: 60mlh through external nozzle
Environment dry, wet (flood cecoling} and minimum quantity

lubrication {MQL)

A number of cutting velacity and feed have been taken over relatively wider
- ranges keeping in view the industnal recommendations for the tool-wortk
materials underlaken and evaluation of role of variation in V. and S, on

eflectiveness of ML,

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 on
cutting temperature, the depth of cut was kept fixed ta only 1.0 mm, which
would adequately serve the present purpose. The machining responses have
been maritored and studied using sophisticated and reliable equipment and
techniquas as far as possible.

Culting temperature can be measured using direct and indirect technigues
[Venkatesh 1987). Direct methods include the use of

+ temperature sensitive powders [Narutaki and Yamane 1979]

*  infrared measurement [Prins 1971 and Abrao et al. 1996)
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+ the tool-work thermocouple technigues [Stephenson 1993, Gottwein
1925] and

*  embedded thermocouple techniques [Matsumoto and Hsu 1987 and
Kitagawa et al. 1997]

whereas indirect methods mainly include micro structural changes [Wright
and Trent 1973] and micro hardness changes {Wright and Trent 1973] in
the tool materials due to high culting temperature.

Tool-work thermocaouple technique [Stephenson 1993, Gottwein 1925 and
Herbert $926] 1s simple but guite reliable for measurement average cutting
temperature in machining with continuous chip formation like plain turing.
But proper functioning of this technique need care about {a) parasitic emf
generation by secondary junction (b) proper calibration and {¢) electncal
insWetion of the tool and the job

In the present work the average cutling temperature has been measured by

lool-work thermocouple technigue as indicated in Fig.3.2 taking care of the
aforesaid factors.

,_lﬁ"-_‘,ﬂ;r:'li':(.l
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sde wew ab A (mzgmibed)
Fig. 3.3 Schematic view of the tool-work thermocoupie ivop
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Toal-work thermocouple can be calbrated in several ways, which include (a)
furnace calibration [Bus et al. 1971 and Byrne 196] (b} resistance heating
[Alvedid 1970] {c) embedded silver bit technique [Barrow 193] {d} induction
healing [Braiden 1967] (e) lead bath technique [Shaw 1984] and (f) flame
heating [Leshock and Shin 1997]

For the present investigation, the calibration of the work-toal thermaocouple
has been carned out by exlernal flame heating. Fig.3.4 schernatically shows
the set-up. The work-lool thermocoupte junction was conslructed using a
long continuous chip of the concerned work-material and a tungsten carbide
inserl to be used in aclual cutting. To avoid generation of parasitic emf, a
long carbide rod was used to extend the inserl. A standard chromel-alumel
thermocouple is mounted af the site of tool-work (junction of chip and insert)
junciron. The oxy-acetylene torch simulated the heat ganeration phenomena
in machining and raised the temperature at the chip-tocl interface. Standard
thermocouple directly monitored the junction temperature {measured by a
Eurotherm Temperature Controller and Programmer, model 818F, 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). Fig.3.5 shows the

photographic view tool-wark thermaocouple set up.

Jxy—ncetylens

/>,/ larhy

ST -
Carhide red . . D/ _.-===Copper plzte

S \M—FﬂiCD

5 o cpper picts
- waol kmolenol
stnip

s T S (N —

millivoltmetes  tempercture  eromel—rlumel
Jekiio,
contraller nermocouple

Fig 3.4  Scheme of calibration of present toal wark thermocouple
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Fig.3.5 Photographic view of the present tool-work thermacouple

set up
750
Work matenal; AlS1 1040 steel
630 - {;5'
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potential, mV

Fig. 3.6 Temperature calibration curve for carbide and
AlSI-1040 steel

Fig.3.6 shows the calibration curve obtained for the tool-work pair with
tungsten carbide (P30 Grade, Drillca) as the tool matenal and the steel

undertaken as the work material In the present case, almost linear
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relabonships between the temperature and emf have been obtained with

multiple correlaticn coefficients around 0.994.

The form, colour and thickness of the chips also directly and indirectly
indicate the nature of chip-too! 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-3, combinations under dry, wet
and MQL condition. The form and colour of all Ihose chips were noted down.
The thicknesses of the chips were repeatedly measured by a digital slide
calliper to determine the value of chip reduction coefficient, g (ratio of chip

thickness after and before cut), which is an imparant index of machinability.

Form-stability and service life of culting tools plays a major role on
produclivity, product guality and overall economy in manufacturing by
machining Cutting tools generally fail, particutarly while machining ductile
metals {ike steels by hard as well as strong fools like sintered carbides, by
gradual wear at their flanks and the rake surface Often fallure may occur
anly by plastic deformation or macro fracturing under stringent conditions
due to excessive cutting temperature and pressure and thermal-cum-

mechanical shocks.

The life of the tools, which ultimately fal by systematic gradual wear, is
generally assessed at least for R&D work, by the average value of the
principal flank wear {Vg), which aggravates cutling forces and temperature
and may induce vibration with progress of machining. The pattern and extent
of wear (Vs) of the auxiliary flank affects surface finish and dimensional
accuracy of the machined parts. Growth of tool wear 15 sizeably influenced
by the temperature and nature of interactions of the tool-work interfaces,

which again depend upon the machining conditions for given taol-work pairs.

After machining the steel rod by the insert, at different V.-S, combinations
under both dry, wet and MQL, the dimensional deviation on diameter in axial
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direction of the machined jobs was measured by a sensitive dial gauge which

was firmly fitted on the saddle and travelled slowly parallel to the job axis.

3.2 Experimental Resulfs

3.2.1 Cutting temperature

During machining any ductile materiats, heat is generated at the (a) primary
defarmation zone due to shear and piastic deformation (b) chip-tool interface
due to secondary deformation and sliding {c) work-tool intedfaces due to
rubbing. Al such heat sources praduce maximum temperature at the chip-tool
interface, which substantially influence the chip formation mode, cutting forces
and toal life. Therefora, alempts are made to reduce this detrimental cutting
temperature. Conventional cutting fluid application may, to some extent, coc!
the toal and the job in bulk but cannot cool and lubricate expectedly effectively
at the chip-taol interface where the temperalure is high. This is mainly because
" lhe flowing chips make manly bulk contact with the tool rake surface and may
be followed by elastic contact just before leaving the contact with the tool. Bulk
contact does not allow the cutting fluid to penetrate in the interface Elastc
contact allows shight peretration of the cutting fluid only over a small region by
capillary action. The culting fluid action becomes more and more ineffective al
the interface with the increase in V¢, when the chip-toc! contact becomes almost
fully plastic or bulk,

However, 1t was observed that the MQL jet in its present way of application
enabled reduction of the average cutting temperature by about 5 to 10%
depending upon the levels of the process parameters, Ve and 5; and the types
of the cuttng inserls. Even such apparently small reduction in the cutting
temperature is expected to have some favourable influence on other

machinability indices.
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The cutling temperature generally increases with the increase in V. and S;,

though in diferent degree, due to increased energy input and it could be
expected that MGQL would be more effective at higher values of V. and S,.

In the present work, the average chip-taol interface temperature could be
effectively measured under dry, wet and MQL condition wvery reliabby
throughout the experimental domain. However, the distribution of
temperature wilhin the lool, work and chip cannot be determined effectively
using experimental techniques. The evaluated rale of MQL on average chip-
too! interface temperature in turing the steel by the uncoated insert at
different ¥ and S under dry, wet and MQL conditions have been shown in
Fig.3.7.

500 . feed, mmirey
1| Wigrk material AI51-1044 steol —m =010
3 g | Cuthing tool: SHNMM 120408 ——113
- Depth of cut 1 0 mm —A— 0k
7 =& 020

30

750 =~

FH =

630

S0

Chip-tool interface temperature,

S50

500 +————F——TF—+—F—"—T T T+
50 A0 70 B8O - 9D 100 410 120 13D 140

Cutting velocity, V_, mfmin

Fig.3.7 Variations in chip-tool interface temperature that of V. and
Sq In turming AlSI-4040 steel by SNMM msert under dry,
wet and MQL conditians.
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3.2.2 Machining chips

The chip samples collected while tuming the AIS! 1040 steel by the inser of
configuration SNMM at diflerent V-5, combinations under bath dry, wet and

MGL conditons have been visually examined and categorized with respect

to their shape and color.

The results of such categorization of the chips produced at different

condittons and enmvironments by the AlSI-1040 steel at different feeds have

been shown in Table-3.4.

The actual forms of the chips produced by the AISI-1040 steel dunng

machining by the SNMM type insert with a different feeds at different cutting

velocities under dry, wet and MQL conditions are shown in Fig.d.8, Fig 3.9,
Fig 3.10 and Fig.3.11.

Table-3.4 Shape and color of chips of AlSI-1040 steel at different feeds

Cutting Feed rate, S,, mm/rev
velacity, |[Ervironment 0.10 0.13 0.16 0.20
V. mimin Shape| Color [Shape [ Color [ Shape | Color | Shape | Golor
Dry fr | Blue | i Blue | 7t | Blue i Blue
64 Wet L Blue I 77 Blue T Blue Wy Blce
MGL & [Metalic] d [Metallc] & [Melalie] o pretatic
Dry 7} Blue { Blue | =r | Blue Tr Blue
B0 Wet o Blue 7 Blue e Blue v Blue
MQOL % Metallic] b [Metalic] & [Metallic & uietalliic
Dry Yr { Blue | tr | Blue { ¥ | Blue i Blue
90 Wet ¥r [ Blug [ % | Blue { <% | Ble Y Blug
MaL & iMetzlic) M [Metalic! e [Metallic] & [Metalle
Dry Wy Blue T Blue s Blye o Blue
130 Wat T | Blee | ¢ | Bue | ¥ | Ble R Blue
MOL L 1Meialllc & (Metalic] de |Mctalic] & [Metalich
" Ha
Chip shape ! :| G R ?_;
Chip group & Half turn | @ Tubular 17 Spiral “ Ribbon
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Cutting Feed, S0=0.10 mmrev
velocity, Ve, Environment
m/min Dry Wat MGL
80 T
90 0
Q.
130 b :
C. <A Py L‘ . 27

Flg.3.8  Actuat forms of chips produced during tuming at different cutting
velocity and 0.10 mmfrev feed mte under dry, wet aond MQL
condilions,
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Fig.3.9 Actual forms of chips produced during turning at different cutting

velocity and .13 mmfrey feed rate under dry, wet and MGOL
conditions.
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Cutting velocity,

Feoed, So=0.16 mmirev
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Flg.3.10 Actuat forms of chips produced during iuming at different culting
velocity and 0.18 mmirev feed rate under dry, wet and MOL
conditions,



Cutting velacity,

Feed, S0=0.20 mm/irev
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Fig.3.11 Actual forms of chips produced during turning at different cutting

velocity and 0.20 mm/rev feed rate under dry, wet and MQL
canditions

Another imporlant machinability index 1s chip reduction ceeflicient, ¢ (ratic of

chip thickness after and before cut). For given tool geometry and cutting

conditions, the value of £ depends upon the nature of chip-togl interaction,

chip contact length and chip form alt of which are expected to be influenced

by MQL in addition to the levels of V. and S,. The variation in value of £ with
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change in V; and S; as well as machining environment valuated for AlS1-

1040 steel have baen plotted and shown in Fig.3.12.

4.5
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Fig.3.12 Variation in { with cutling velocity and feed rate during
turning under dry, wet and MQL conditions

3.2.3 Dimensional deviation

The performance and service 1ife of any machined part are governed largely
by quality of that product, which for a given material is generally assessed by
dimensianal and form accuracy and surface integrity of the product in respect
of sufface roughness, oxidation, corrosion, residual stresses and surface and

subsurface micro cracks.

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

investigated to evaluate the relative role of MQL on this major aspects.



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

generally faund to

i, increase along length of cut due to gradual wear of the tool {ip

i. decrease due to thermal expansion and subseaguent cooling of the job if
the job temperature rises significantly dunng machining

i increase due to system compliance of the machine-fixture-tool-work (M-
F-T-W) system under the action of the culting 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 calculated for the steel specimens being machined under the present
conditions and the values appear to be exdremely small (less than 1 um)
compared 1o that possible due to wear of the tool tips. Therefore, in the
present study, the dimensional deviations are considered to be manly due to

wear of the fool tips.

10

) 1 Environment »
o wet /-%O
o4 —*— Dry .
- 1 —+~M0CL ﬁ/

Cimensional devtation, um
&5 B
| I |
e
NS

/
] - /ﬁ Wark matanal  AG1 040 sieel
b Rlank sirg G110 X 620 mm
1 Cuting velogdy 90 mimim
14 V Fead 0 2 mmingv
] Diapkn ol cut 1 4rmm
] T L . B U B B ¥ ' '

T I I I
i &0 400 166G 200 250 30 350 404 480 500
Length ef cut, L, mm

Fig-3.13 Dimensional deviations observed afer one full pass
under dry, wet MQL conditions
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The variation in diameter of the job was precisely measured along its axis
after one full pass of the machining over 400 mm length with full depth, at
reasonably high feed and cutting velocity sullable for the tool-work

combination,

The gradual increase 1n dimensional deviations on diameter observed along
the length of cut on the AISI-1040 steel rod after one full pass of machining
at cutting velocity of 80 m/min, 1.0 mm depth of cut and 0.2 mm/rev feed
under dry, wet and MQL conditions have been shown in Fig.3.13.
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Chanter-4

Discussion on Experimental Results

4.1 Cutting Temperature

The machining temperature at the culting zone is an important index of
machinability and needs to be controlled as far as possibie. Cutting
temperature increases with the increase in specific energy consumption and
material removal rate {MRR) Such high cutting temperature adversely
affects, direclly and indirectly, chip formation, cutling forces, tool life and
dimensional accuracy and surface integnty of ihe products. Therefore,
applicalion of MQL at chip tool interface is expected to improve upen the
aforesaid machinability charactenstics that play vital role on productivity,
product quality and overall economy in addition to environment-friendliness

in machining particularly when the cutting temperature is very high.

Tool-work thermocouple techrigue is as such simple and relable to
measurement of average cutting temperature The literature shows a wide
range of the calibration methods and procedures. Most of these mathods
calibrate the tool and the workpiece n an isolated environment, without
consideration 1o the machining experimental setup. This presents problems,
because the expenmental setup is different than the calibration setup. The
calibration setup used in this study 15 close to the experimental setup and

thus many factors such as parasitic emf’s are included inko the calibration



The expenmental setup consisted of an electrically insulated carbide tool
inserl clamped intc a tool holder. A K-type thermocouple is spot welded onto
the inserl at the tool-chip interface and is secured further by a coating of
ceramic cement Embedding it in several layers of mica electrically insulates
the atume! lead wire, which measures the e.m.f generated at the interface. A
small aperture is cut c-';w the top layer of mica fo allow the wire to contact the
nsert as shown both in Fig.3.4 and Fig.3.5 respectively. During calbration,
the emf is measured and the lemperature is measured by a K-type
thermocouple at the point where the tool and chip would contact during
cutting. An oxygen-acetylene torch or a propang torch applies ihe necessary
heat for approxmating the heat gererated dunng metal cutling.
Measurements are taken after a few minutes of heating (o insure a quasi-
steady state. Also, only the cooling of the nsert is used to maintain a

consistent calibration.

A piot of the measured potenlial for a given temperature during cahibration 15
shown i Fig.3.6 for carbide tool and AISI-1040 steel workpiece. In this case,
linear correlation between the temperature and emf is observed Although
rasult from the calibration varied slightly for this test, good correlation was

attained when regression was perlormed {Ft2 = 92-097).

The average chip-tool interface temperature, 8., have been determined from
the tool work thermocouple technigue and plotled against cuiting velocity for
different feeds and environments Lndertaken. The figure F1g.3.7 is showing
how and to what extent 0., has decreased due fo minimum guaniity
lubrication (MQL) under the different expenmental conditions With the
increase In Ve and Sq, Bu.g INcreased as usual, even under MQL, due to

increase in energy input.

Apparently more drastic reductions in 8, are expected by employing MQL

jets. But practically it has nat been so because the MQL jet has been

employed in the form of thin jet atong the cutting edge and towards only the

chip-too! interface instead of bulk cooling. Also the jels, like any cutting fluid,
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could nat reach deeply in the chip-tool interface for plastic or bulk contact,
parlicularly when V; and 5, are large

The roles of variationqnf process parameters an percentage reduction of
average interface temperature due to MGL have not been uniform. This may
be atiributed to variation in the chip forms particutarly chip-tool contact
length, Cy which for a given tool widely vary with the mechanical properties
and behaviour of the work malerial under the cutting conditions. The value of
Cy affects not only the cutting forces but also the cutting temperature. in the
present thermal modelling also the value of Gy had 1o he incorporated as the
span of heat input at the chip-tool interface. Post cooling of the chips by MQL
jet is also likely to influence 8., to some extent depending upon the chip

form and thermal conductivity of the work malerials.
4.2 Machining Chips

The pattern of chips in machining ductile metals are found to depend Lpan
the mechanical properties of the work material, tool geometry particularly
rakes angle, levels of ¥V, and S, nature of chip-tool interaction and cutting
environment. In absence of chip breaker, length and uniformity of chips
increase with the increase in ductility and softness of the work matenal, {ool
rake angle and cutting velocity uniess the chip-tool interaction 1s adverse

causing intensive friction and buill-up edge formation.

Table-3.4 shows that the AlS! 1040 sleel when machined by the pattern type
SNMM insert under dry condition produced more or less half turn et different
higher feeds. The geometry of the SNMM inserl is such that the chips of this
steel (AlSI-1040 steel} first came out continucusly got curied along normal
plane and then hitting at the principal flank of this insert broke into pieces
with regular size and shape. When machined with MQL the form of these
ductile chips did not change appreciably but their back surface appaared

much brighter and smoother. This indicates that the amount of reduction of
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lemperature and presence of MQL application enabled favourable chip-tool

interaction and elimination of even trace of built-up edge formation.

The color of the chips have alse become much lighter i.e. metalic or golden
from blue or grey depending upon V. and S, dug lo reduction in cutting

temperature by minimum guantity lubrication.

Almost all the parameters involved in machining have direct and indirect
infiuence on the thickness of the chips during defarmation. The degree of
chip thickening which 1s assessed by chip reduction coefficient, Z, plays
sizeable role on cutting forces and hence on cutting energy requirements

and cutting temperature.

The value of £ depends {Kronenberg 1943} mainly on apparent coefficient of

friction, g at the chip-tool iInterface and effective rake as,

s

‘= 6"“[5"’* ) (4.1)

In machining ductile metals, particutarly steels, the actual value of tg is

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

T = 0.74c, "% (4.2

where,
a, Ultimate tensile strength af the work material at normal condition

& Percentage elongation of the work material
Average cutting strain {= cot B + tan (@ - ve)

B Shearangle {cot = - tan ya)

1. Dynamic yield shear strength of the work materal
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The figure Fig.3.12 clearly shows that throughout the present experimental
domain the value of { gradually decreased with the increase in V though in

different degree for the different tool-work combinations, under both dry, wel
and MQL conditions.

The value of ¢ usually decreases with the increase in V¢ parlicularly at its
lower range due to plasticization and shrinkage of the shear zane far
reduction in friction and budt-up edge formation at the chip-tool interface due
to increase 1IN temperature and sliding velocity. In machuining steel by carbide
tool, usually the possibility of built-up edge formation and size and strength of
the built-up edge, If formed gradually increase with {he increase in

temperature due to increase in Vg and also Sg and then decrease with the
further increase in V. due to too much softening of the chip matenal and its
removal by high sliding speed.

uneul ¢hip thickness
(= S, sIng}

land angle

__-Shear plane
..f'

™ rake surf
* “— land ace

A
\\— r (edge radius) L ——primary

rake

TOOL
{orthogonal sechion}

principal
fiank

x_._. fimished surface

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 Sp expectedly due to increase in average rake angle with increase in

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

Fig.3.12 shows that MQL has reduced the value of ¢ parlicularly at lower
values of Vg and Sg when the SNMM insert machined the steel rod By MQL
applications, £ is reasonably expecied to decrease for reduction in friction at
the chip-tool interface and reduction in deterroration of effective rake angle
by built-up edge formation and wear at the cutling edges mainly due to

reduction in cutting temperature.
4.3 Dimensional Deviation

The quality of any I'I"IECi"III']I‘:!d product of given matenal is generally assessed
by dimensional accuracy, which govern the performance and service life of
" that product. For the presenl study, only dimensional accuracy has been
considered for assessment of qualty of product under dry, wet and MQL
machining. Fig.3.12 clearty shows that dimensional inaccuracy can be
remarkably raduced by the present method of MQL in machining AlS] 104(

steel rod by carbide insert.

It has been menlioned earlier that the diameter in straight turning of long rod
may deviate from the theorelically expected value due lo progressive wear of
the tool-ip, variation of complance of the M-F-T-W system along the axis of
lathe and thermal expansion or distortion of the job, if much heated. The
substantial reduction in dimensional deviation observed in the present
investigation can be reasanably atinbuted mainly to reduction in the auxiliary
flank wear of the mnserts by MQL. The order of dimensional deviation
possible due to other two reasons for the present job specimen of so large
diameter and L/D ratio less than 4 0 and the culting conditions undertaken

has been roughly estimated and found to be around 1.0 um.
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Fig 3 12 shows that the nature of increase of dimensional deviation with the
progress of machining AlS1 1040 steel rod. Dimensional naccuracy has been
respectively enhanced under dry and wet conditions and reduced under MQL
condition, expectedly. The machining tests conducted for studying the role
of MQL on dimensional inaccuracy was separately carried by fresh inserl
after completion of {ool wear test. Dimensional deviation, tor each toal-work-
enviranment combination, was measured along lhe job axis after one

complete pass.
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Chapter-o

Conclusions

Melal cutting flids changes the performance of machining cperations
because of their lubrication, cooling, and chip flushing functions. Typically, in
the machining of hardened steel matenals, no cutting fluid is applied n tha
interest of low cutling forces and {ow environmental impacts. Mimmum
quantity lubrication (MQL) presents itself as a viable alternative for machining
with respecl to heat dissertaton, chip formation, and dimensional deviation.
This study compares the mechanical performance of minimum guantity
lubrication to completely dry and wet lubrication for the turning of AISI-1040
steel based on experimental measurement of chip shape, chip color, chip
reduction coefficient, cutting lemperature and dimensional deviation. The
results indicate that the use of minimum quantity lubncation leads to reduced
chip reduction coefficient, lower cutting temperature and lower dimensional

deviation.

The present MQL systems enabled reduction in average chip-tool interface
temperalure upto 12% depending upon the work matenals, tool geometry
and cutling conditions and even such apparently small reduction, unike
common belief, enabléd signilicant improvement in the major machinability
indices. Due lo MOL application, the form and color of the steel chips
hecame favourable for more effeclive capling and improvement in nature of

interaction at the chip-tool interface.



MOL reduced the cutting temperature, such reduction has been more
elfective for those tool-work combinatons and cutting conditions, which
provided higher valug of chip reduchon coefficient, ¢ for adverse chip-tool
interaclion causing large friction and built-up edge formation at the chip-tooi
intedace. Favourable change in the chip-tool mteraction and retention of
cutting edge sharpness due to reduction of cutling zone temperature seemed

to be the main reason behind reduction of cutting forces by the MGL

Dimensional accuracy also substantially improved maimnly due to significant
reduction of wear and damage at the tool tip by the application of ML,
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