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Abstract

High cutting temperature is inherent during machining which shortens the tool life
and deteriorates the job quality. This problem becomes mere acute when the jobs are
difficult to machine and are to be used under dynamic loading, Cutting fluid application is
the most common strategy to improve the tool life and the product guality. But
conventional cutting fluids are not that effective in high production machining particularly
in continuous cuiting of materials like steels. More over cutting fluids are the MAjor Source
of environments pollution, soil contamination and inhalation problems. Minimuin quantity
lubrication (MQL) with vegetable oil or cutting oil is cnvironment friendly machining
technique. MQL rcfers to the use of cutting fluids of cnly a minutc amount—typically of a
flow tate of 50 to 500 mL/h which is about three to four orders of magnitude lower than the

amount commonly used in flood ceoling condition.

Effecis of MQL on cutting performance ol 42CrMo4 stcci in respect of chip-tool
interface temperature, chip formation, cutting forces, ipo] wear and product guality have
been studied using coated carbide insert (SNMM-TN 2000). Three lypes of ¢utting finids
namely soluble oil, vegetable oil and VG 68 cutting oil have been used to compare the
relative performance of those culting fluids with each other as well as with that of dry

condition.

Compared to dry condition, MQL performed betier mainly due to substantial
reduction in cutling temperature that enabling favorable chip-tool interaction. [his also
facilitated the substantial reduction in tool wear, dimensional inaccuracy and surface
tougtness. The resulls indicated that the use of minimum quantity lubrication (MQL) by

VG 68 cutting oil performed better in comparisen to other cutling fluids.
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Chapter-1

Introduction

1.1 Introduction

Machining is a material removal process that typically involves the cutting of
merals using different types of cutling tools in whicl a ool removes material from the
surface of o less resistant body through relative movement of the tool and application of
force and is particularly useful due to its high dimensional accuracy, Hexibility of process,
and cost-effectiveness in producing limiled quantities of parts. Due to removal of malerial
in the form of chips, new surfaces are cleaved {rom the workpiece accompanied by a large
consumption of mechanical enerygy which in turn transformed into heat, Icading o
conditions of high pressure, high temperature and severe thermal conditions at the tool-
chip interface. The greater the energy consurnption, the preater are the temperature and

feictional forces at lhe tool—chip interface and which in turn increases tool wear.

The manufacturing company faces the challenges for higher production with
superior quality and surface finish of product to meet the overall ecenomy, gl;crbal cost
competitiveness by machining and grinding, insists high material removal rate, high
slability and long life of the cutling tools. In high speed machining or grinding process, the

desired products with actual size and shape are produced by gradually removing he cxcess

1
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material from the performed blank in the form of chips which is associaled with the
generation of high cutting temperature with hugh culting velocity, feed, and depth of cut.
High cutring temperature generation in machining not only reduces dimensional accuracy
but aiso damages the surface finish of the product. But the performed pans essentially need
finishing to the desired dimensional accuracy and surface integrity by these processes.
Several engineering parts with dimensional accuracy and surfacc finish are essential not
anly for their ability to fulfill their functional requirements but alse for their improved

performance and profonged service life.

The surface guality of the finished products deteriorates with the increase in
cutting temperature due to built-up-cdge tormation, oxidation, rapid corrosion, induction
of tensile residual stresses and surface, Such problems become more sensitive and serious
when very hard, strong and heat resistive part is subjected to dynamic or shock loading
during the Functional operations. On the other hand, high cuming temperature accelerates
the growth of tool wear and also enhances of premature failure of the ol hy plastic
deformation and thermal fracturing. Thercfore it becomcs very essential to reduce the

cutting temperature as far as possible.

In goeneral, the most impertant outcome in machining processes is the
praductivity, achieved by cutting the highest amount of material in the shortest period of
time using tools with the longest lile time. Combining al! the parameters involved in the
imachining process to maximize nroductivity is, nevertheless, a very complex task and
hecomes much more difficult when working at high speed-feed condition as well as high

culting 1emperature. In industries, for sustainable development maintaining the highest



productivity, the temperature gencration and its detrimental ellects are generaily reduced
by

(i) Proper selection of process parameters and geometry of the cutting tools (i1
proper s¢lection and application of cuming fiuid (i) using heat and wear resistant cutting
ool materials like carbides, coated carbides and high performance ceramics. The cotiing
inserts CON apd diamond are extremely heat and wear tesistive but those are (30

expensive and are justified for very special work materials and requirements where other

100ls are not effective.

Dry r?achming is a machining process in which no cutting fluid is used for the
iaterest of lower curing forces and environment friendliness. 1t is ecologically desirable
and industries will be compelled to consider dry machining to enforce environmental
protection laws for occupational safety and health regulations. Dry machining is now of
arcat interest and actually some rescarchors meet with success in the field of
environmentally friendly manufacturing [1, 2]. In reality, however, they are sometimes less
elfective when higher machining efficiency, better surface Mnish quality and severer
cutting conditions are required. During dry machining at high cutting speed and feed, high
temperature is gencrated which results in high teol wear rate, reduced ool lifc because
these conact conditions become very sCVere and the teol wear is mainly caused by thermal
soflening, abrasion and a built-up edge (BUE) formation, which alfecls the quality of the
generated surface and dimensional accuracy. On the other hand, in complete absence of
coolant, chip transportation causes an increase of tool-chip and tool-workpiece friction, as
a result increased cutling force as well as abrasive wear and attrition. Some recemn

techniques have cnabled partial control of the machining temperature by using heat



resistant tools like coated carbides, CBN, PCBN etc. The improvement in the coatings of

carbide tools and in the chemical and mechanical properties of tool malerials has caused

the increase of togl working life in machining processes.

Due to the fact that the higher the tool temperature, the faster it wears. The use of
cutting Muids in machining processes is the most common strategy, as its main poal, the
reduction of the cutting zone lemperature, cither through lubrication reducing friction
wear, or through cooting by cenduction, or thraugh a combination of these functions. The
application of coolant during & machining operation i3 believed to reduce tool wear [3].
Cutting fluids also act as chip-Lreaker during machining and ¢hip formation is also
affected when coolant is applied during a machining operation. The chip curl changes with
the temperature gradient along the thickness of the chip and attects the size of the crater
wear and the strength of the tool cutting ¢dge. The direction from which the cutting fluid is

applied is therefore an imporiant factor alfecting the chip curl.

The applications of conventional cutting fiuids have been found (e become less
cffective with the increase it cutling velocity and leed as in this syslem the cutting fluid
cannot properly enter in to the chip-tool inlerface du¢ to elastic-plastic contact. It can not
nroperly cool and lubricate the cutting zone due to bulk plastic contact of the chip with the
toa] rake surface. Besides this, it has some unfavorable cffects on the operator, namely,
exic vapors, uapleasant odors, smoke, fumes and skin irritations. Large quantities of
emulsion-based cutting fluids for machining are still widely used in the metal working
industry, generating high costs of consumption and disposal and affecting the environment.

The conventional cutting fluid sysiems can cool and lubricate the work-tool and ¢hip-lool



comtact in a limiled area and there arc also restrictions in using much use of coolants in
many countries because of environmental issucs. Besides this, there are limits on the
amount of coolant mist and some coolants and coolant-wetted chips have been treated as
tonic materials. In some applicaticns, the consumption of cutting Muids has been rr:dluced
drastically by using mist lubrication. However, mist in the industria! environment can have
a sctious respiratery effeet on the operator [4, 3} Conscquently, high standards are being
set to minimize this effect. Besides this, conventional coolants undergo film boiling at
around 350°C and loose their cooling property [6]. These combined factors have driven the
industrial sector, research centers and universities to investigale aliernative production
processes, to create technotogies that minimize or avoid the preduction of environmentally

agoressive residuss.

In line with growing environmental concerns invelyed in the use of cutting fluids
in machining processes, as reponed by scveral researchers and manufacturers of machine
tools. strong emphasis is being placed on the development of environmentally friendly
technology, i.e., on environmental preservation and the search for conformity with the 150
14000 standard. On the other hand. despile persistent attempts Lo complelely eliminate
culiing fuids, in many cases cooling is still essential to the economically feasible service
life of tools and the required surface qualities. In respect of lhe economical and
environmental cffects on the use of cutting fluids lead to the rescarch of near dry
miachining scveral years ago [1, 7], Near dry machining refers to the use of a smail amount
at cutting fluid, typically in the order of 100 mlhe or less, which is about ten-thousandih
of the amount of cutting fluid used in ficod-coaling machining [8]. The principle of near

dry machining is the application of less lubrication with dry surface afler the machining



process. Therefare, near dry machining is also recognized as minimum quantity lubrication
(MQL} machining. According to Diniz €t al. [9] machining processes with the mimimum
quantity fubrication {(MQL) techrique or without any cutting [luid (dry cutting) reduced
the utilization of cooling lubricants, in order to improve environmental protection, safety
of machining processes and to decrcase time and costs related to the number of machining

operations.

In various metal cutting processes. sawing, shaping, drilling and milling,
minimum quantity lubrication {(MQL) syslem has long been worked successfully. In this
systent. cutting Quids employed mainly that are non-soluble in water, especially mineral
oils. According to Heisel et al. T10}, these oils, inhaled in the form of aerosol, reduce the
health hazard factor. Due to the very small amounts of culting Muids used, one must
consider that the costs should nat prevent the use of high technology compositions in the
ficld of additive cils. Over the years several researchers have employed minimum quantity
of lubricants in machinin-g and gri.ding of stecls and advanced materials and reponed that
if employed effectively, minimum quantity of lubricants can successfully combai the high
cutting temperature inherent in high production machining and grinding [11-17]. Different

researchers also used vegetal-based coolants [18].

Typically, an MQL system supplies 0.3 ~ 0.5 mlmin of a metal working fluid
(MWTF) with pressurized air or other supplemenlal gases, whereas a conventional system
supplies about several thousand mi/min of MWTF. The conventional Mood supply system
demands more resources for operation, maintenance, and disposal, and results in higher
envirommental and health problems, MQL machining has many advaniages in this regard

[19. 20, 21]. Minimal quantity labrication (MQL) is a technique of supplying lubrication in

b



machining to achieve both environmental and economical benelits. The application of
cryogenic coolant easily reduces cutling temperature, cutting forces with chip load,
provides improved tool life and surface finish as a result increase all the rn:zu;hir;atbilirg,r
indices. But due (o the high cosi and difficult handling of cryogen, the use of cryogenic

coolant is limited.

It is necessary to discover the knowledge over the performance of cutting fluids
when applied to different work materials and operations in order to improve the efficiency
of the most conventional machining processes. This efficiency can be measured, among
ather parameters, through cutting tool life and workpiece surface (inish. However, the
costs associated with the purchase, handling and disposal of cutting [luids are leading o
the development of tool materials and coatings which do not require their application. In
this work, the performance of three types of cutiing fluids (soluble otl, vegetable oil and
VGAE cutting oil} with MQL will be compared to dry cutting when continuous tuming
43CeMod steel using coated carbide insert (SNMM-TN 2000} through the evaluation of
the following parameters: cutling temperalure, chips form, cutting forces, tool wear

mechanism and surface finish.

1.2 Literature Review

Currently generous research and investigations have been done world wide on the
machinability of diflerent materials mainly in respect of chip-tool interface temperature,
chip morphology, chip-tool interaction, cutting forces, wear and life of cutting tool,
dimensional accuracy and surface integrity along with surface finish under dillerent

cutiing environments with or without using cutling (lvids. During machining the
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appiication of conventional cutting [uids arise severe alarm on environmental pollution
and health hazard on workers. Research has also been initiated on control of such pollution
by complelely dry cuming using high heat and wear resistant cutting tools, Cryﬁgemc
machining, high-pressure coolant jet assisted machining and minimum quantiy of
lubricant (MQL)} and their lechnological effects particularly in temperature intensive

machining and grinding.

A brief review of some of the attractive and significant contributions in the
closely related areas is presented in this section. This chapter also provides the background
\nformation relevant to this research. The ecological and economical dry machining and
the problems of high temperature rises in dry machining, machining with conventional
cutting fluids and the effects of cutting fuids on finish products and environment, other
alternative lubrication system and finally the minimum quantity lubrication (MOL) system
and its positive effects on the finished products with researchers remarks are described

thoroughly in this chaptf:‘r,

The advance metal machining industries are mainly paying attention on the
achievement of high quality product, in terms of work part dimensional accuracy and
surface finish, at high production rate and cost ;wing also with a reduced environmental
impact. During machining high catting temporature generation in very common and it
delorms the tool culting edge deformation which may result in poor machining
performance in terms of form accuracy and surface quality. This generaled high
temperature is partially controlled by reducing heat generation and removing from the
cutting zone, It can be done by selecting optimum machining parameters and geom'etry of

the cutting tools, proper cutting 100ls, proper cutting (uid applications and using heat

3



resistant culling tool matcrials like carbides, coated carbides, and high performance

CEerantics.

1.2.1 Dry Machining

Dry cubting or cutting with no fluid may be 4 possible solution without causing a
large decrease in tool life and loss of workpiece quality, but for this it is mandatory to have
suilable tool materials and cutting conditions, During machining the heat generation raises
the temperature of the cutting tool tips and the work-surface near the cutling zone [22] as
there is no medium of heat removal from the cutting zone. Due to such high temperature
and pressure acting on the cutling 100] edge. results the deformation of cutling edge
plastically, It also creates rapid tool wear wh ich uitimately lead to dimensional inaccuracy,
increase in cutting forces and premature tool failure. On the other hand, if the cutting
temperature is high and is not controlled, it worsens the surface topography and impairs
the surface integrity by oxidation and introducing residual stresses, micro-cracks and

structural changes.

The magnitude of cutting temperature rises with the increase of cutting velocity,
feed and depth of cut which constrained high production machining by nse in temperature.
At such clevated wmperature the cutting tool if not hot hard as much necessary may lose
their permanence quickly or wear out rapidly which result in increased cutting farces,
dimensional inaccuracy of the product and shorter tool life. This problem increases further
witlh the increasc in strengih and hardness of the work material. Hard coatings of 100!
materials have been used to accomplish this purpose. The optimization of cuting

conditions to make them more suitable for dry cutting is done through the increase of fesd
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and decrease of cutting speed. With this, roughly the same amount of heat is generated, but
the area of the tool which receives this heat is bigger. making the lemperature lower and
the amount of chip temaved per minute constant (wilhout increasing cutting time). The
dernand for producing large amount of product in target time insists high material removal
tate during machining which increases culting velocity, feed rale and depth of cut. For
manufacturing product with good surface finish and dimensional accuracy il is eventually

required to reduce the cutting zote temperalure.

1n machining ductile metals, the chip contact length plays a signilicant role on the
¢chip and tool (emperature which becomes highest almost at the center of Lhe chip-tool
contact surface [23] where then crater wear begins and grooves intensively. 1t was also
ohserved by Jawahir and Lutcrvelt [24] that during machining ductile material produces
lontg chips and the chip-tool conlact has a direct influcnce on the cutting temperature and
thermo-chemical wear of cutting tools, This cutting temperature becomes high on the rake
face where cratering eccurs, which also raise the temperature at the- flank of Lhe tool. The
wsual flank wear and crater wear of the cutting tools ofien attain notching on the lanks and
grooving on the rake face at the outer ends of the engaged porions of the cutting edges.
Kosa el al. |25] also commented that in machining ductile matcrial the heat and
temperature developed due to plastic deformation and rubbing of chips with lool. The
generated heat and cutting temperature at the chip-tool interface may cause continuous
built-up welded debris which causes fuctuation of cutting forces, increase power

consumption along with increased surface roughness during machining operation.

Machining under high cutting velocity and unfavorable process paramelers

reguire high specific energy. This machining results in very high culling lemperature,

10



which reduces the dimensional accuracy and tool life by plastic deformation and rapid
wears of the cuming points [26, 27]. Past researchers focused on the emperature and its
distribution in the culting zone because it is believed that it has a dircet impact on tool life
[28]. Due to high temperature and pressure the cutting cdge deforms plastically and wears
rapidly. which leads to dimensional inaccuracy, increase in cutting forces and premature
tool failure. On the other hand, this uncontrolled high iecmperature worsens the surface
topography and the surface integrity by oxidation, and introducing residual stresses and
surtace or sub-surface micro-cracks. Currently, this problem is tried to control by reducing
heat peneration and removing heat from the cutting zone through eptimum selection of

machining parameters, propet selection and application of cutting fluids.

Culring force is an important criterion in increasing cuming temperature during
machining. In uming operation the resultant force is divided inie three components, feed
force, radial foree and main cutting force. Usually, in [inishing cperations the radial farce
is the Targest of all, since the depth of cut is very small, compared to the tool nose radius
|29] and with the increasing of cutting velocity both, radial and feed forces tend to
decrease, for most of the metallic parts machined with carbide tools, The lubricants are
considered to act in lhe slightly leaded region where the chip leaves the tool. They
decrease the Triction therc and thereby causing the contact length and the chip thickness to
reduce, but even at very low speeds it never penetrates the highest loaded region. However,
& lubricant does not have to penetrate the whole contact by attacking at the edge and it can
reduce the whole contact [38, 31] attributes such behavior partly to the sofiening cﬂect of

{he workpiece material, due to temperature increase, and partly to the decreasing of Lhe
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chip-tool contact length. Additionally. the depth of eut (d) evidently has an influence larger

than ihe cutling velocity and feed rale has a moderate cffect on forces.

Although surface roughaess of the f{inished product is usually undesirable, it is
difficult and expensive to contrel in manufacturing. To decrease surface roughness, it is
necessiry to increase manufacturing cost. This often results in a trade-off bebween the:
manutacturing cost of a component and its performance in application. Several factors will
influence the surface roughness in 2 machining aperation. The surface roughness might be
considered a5 the sum of two independent efects: () the ideal surface roughness is a result
of the geomelry of the tool and feed rate and i) the nature of surface roughness is a result
ol the irregularitics in the cutling operation [32]. Even in the occurrence of the chatter or
vibrations of the machine tool, defects in the structure of the work malterial, wear of (ool or
itreaularitics of chip formation contribuie to the surface damage in practice during

lnachining.

Shaw [3], Komanduri et al. [33] and Stephenson et al. [34] agree that mast of the
encray applied to the cutting process s converted into heal in the main zone of plastic
deformation, the shearing plane, where the workpiece malerial turns itself into chip and in
the secondary zone of plastic deformation, where chip slides on the rake face, Finally,
some heat also arises on the tertiary zone, where the tool relief face slides on the newly
machined surface. This last source is, however, not considered in most cases, cither for
simplicity, or because the heat generated is very small when using sharp cutling cdges. The
heat peneraled in those zones is distributed among the tool, the workpiece, the chip, and

alter that 1o the epvironment. Heat goncrated at the shearing plane can make the cuiling
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action casy, but it can [ow into the cutting cdye and that will negatively alfect tool life by

shortening it.

1.2.2 Machining with Conventional Cutting Fluids

Conventional machining prevails plastically deformation in gencrating chips
whereas in high speed machining chip generation is followed by segmentation process.
Usually the high culting temperature is controlled by profuse cooling [35, 36, 37]. But
such profuse cooling with conventional cutting fluids is not able to solve these problems
fully even when employed in Lhe form of jet or must. During machining cutting fluids carry
oul many useful Munctions which inciude cooling of the cutling ool at higher speeds,
Jubrication at low speeds and high loads, increasing too! life, improve the surface [tnish,
reducing the distortion due Lo temperature rise in the workpiece, chip handling and
disposal, providing a protective layer on (he machmned surface from oxidation and
protection of the machine tool components from cust [38, 39, 40]. Compared with the cost
of the cutting tools the cutting fluids cost is significantly high and it is necessary to reduce
the use of cuming fuids. It was reported that metal-working fluids cost ranges from 7 10
17% of the total machining cost. On the other hand tool cost is less in respect of tolal
manufacturing cost which ranges from 2 to 4%. The more the consumption of curling
Muids in manufacturing process, Lhe more cost increased due to some additional process

for handling and dizposal the cutting fluids.

While primarily dependent on the cutting speed and the workpiece material
praperiies, the cutting temperature 15 also aflceted by the cutting tool properies. Aimest all

of the imechanical energy in metal cutting is transformed into heat. The major portion of
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the produced heat is conducted into and removed with the chips from the cutting feginn
with nearfy the entire remaining portian conducted into the workpiece and cuming tool. At
elevaled temperature the cutting toof i not cnough hard may lose their form stability
gquickly or wear out rapidly resulting in increased cuting force, dimensional inaccuracy of
the product and sherter tool life [41]. Longer cut under high cutting temperature causes
thermal expansion and distortion of the job particularly if it is slender and small in size,
which lcads to dimensional and form inaccuracy. On the other hand, high cutting
temperature accelerates the growlh of tool wear and also enhances the chance of prematurc
fawilure of the tool by plastic deformation and thermal fracturing. [t has already been
reparted |42, 43] that the use of conventional cutting Muids (wet machining) does not scrve
the desired purposc in machining stecls by carbides, rather reduce tool life and ofien may
cause premature failure of the inser by brittle fracture. Cutling with the excess amount of
cutling fluids is still very commen In conventional machining to control high culting
temperalure which adversely attects. dircetly and indircetiy, chip formation, cutting forces,

lool life and dimensional sceuracy and surface ntegrity of the products.
1.2.3 Alternative Lubrication Systems in Machining

During machining cutting lemperature is an apprehensive element and it is
essential to comtrol this cutting temperature for lesser tool wear and good surface finish.
Cutting Nuid reduces cutling temperature and also provides lubrication elfect between the
taob and work interface. There are different types of lubrication as well as cooling s;}rs.tem
available to reduce the cutting tcmperature. Many researchers also made their

Investigations using these different types of cooling and lubrications systems like flood



caoling, near dry cooling, or micro fubrication, high pressure jet cooling, cryogenic
cooling and MQL cooling. Flood cooling reduces temperature to some extent by bulk
cooling but is not very much cffective because without reaching into the imterface where
maximum lemperature arains, it cools only the top surface of the job due o its averhead
application. It has some bad effects tao; when cooling fluld comes in contact with the

hutan body it creates skin irritation, bronchitis, lung cancer ete.

Cryogenic machining with liquid mitrogen machining [44] and with minimum
quantity lubrication (MQL) [45] has improved machinability of steet to a cerlain extent
under norma) cutting eonditions. [t has also been reported that the machining of steel with
liquid nitrogen improves the machinability index such as less cutting forces, reduce cutting
temperature, better surface finish and improve tool life compared to dry machining, Ding
et al. [46] commented on the favoruble role of cryogenic cooling in chip breaking and in
reducing cutting temperature in turning. Cryogenic machining is costly due to high cost of
liguid nitrogen. It also accelerated notch wear on the principal Mank of the carbide insert

under nitrogen rich atmosphere of cryogenic machining.

Migh-pressure coolant is a possible solution for high speed machining in
achieving intimate chip-tool interaction, low cutting temperature and slow tool wear while
maintaining cutling forces/power al reasonable levels if the high pressure cooling
parameters can be strategically tuned [47]. With the use of high-pressure coolant during
machining under normal cuming conditions, the tool life and surface finish are found to
improve significantty. Mazurkiewicz ct al. [48] reportcd that a coclant applied at the
cutting zone through a high-pressure jet nozzle can reduce the contact jength and

coetficient of friction at chip-tool interface and thus can reduce cutting forces and
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increases tool life to some extent. But reaching to the beiling temperature the fluid
produces harmful smoke that is injurious to health. Splashing and spreading of coolant

during injection creates a dirty working zonc.

MOQL machining is envirownental iricndly and also capable te reduce the huge
amount of heat generaled in machining process if level of pressure and vclocity of the
issuing jet can be maintained effectively accordingly to the desired cutting. In order to
decrease the econemical and environmental impacts, near dry machining was addressed as
an alterative to the (raditional flood cooling application a decade ago [7, 49]. Near dry
machining refers to the process of using a small amount of culting fluid, typically in the
order of 100 mVhr ar less, which is about ten-thousandth of (he amount of cutting {luid
used in Mood cooling machining [8, 50]. The concept of near dry machining is based on
the principles of less lubrication or minimum quantity lubrication in ihe machining
process. Near dry machining is also recognized as minimum quantity lubrication {(MQL)
machining, Many researches have suggested that MQL, shows its potential compeliliveness
in terms of tool life, surface finish and cutling forces in tuming, milling, reaming and
waping. Most documented studics thus far relating to MQL are cnnstructjad upon
experimental observations with individual and separate treatment of machining
performance measures such as cutting [oree. cutting temperature, tool wear progress, chip
formation, surface roughness, of air quality. Therelore, using MQL lechnique, which
reduccs remarkable machining costs, can be obluined reducing the quantity of lubricant

used in machining.
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1.2.4 Machining with Minimum Quantity Lubrication (MQL)

The minimization of cutling fiuid leads to economical benelits by way of saving
lubricant costs and workpiece/tool/machine cleaning cycle time. Significant progress has
been made in drv and semi-dry machining recently and minimum guantity lubrication
{MQL)} machining in particular has been accepted as a successiul semidry application
because of (ts environmentally - friendly characteristics. Minimum quantity lubrication
{MQL) systerns empioy mainly cuting {luids that are non-soluble In water, especially
mineral oils. Due to very small amoums of cutting fluids used, one must consider that the
casts should not prevent the use of high technology compesitions in the field of additive
oils. Vegetable-bascd materials are being increasingly used. These oils, inhaled in the form

af acrosol, reduce the health hazard factor [11].

Minimum guantity lubrication is a recent technique introduced in machining
particularly, in turning un::i grinding to obtain safe, environmental and economic benefits,
reducing the use of coolant Jubricant (uids in metal cutting. Minimum quantity lubrication
(MQL} refers to the use of cutting fluids of only a minute amount typically of a flow rale
of 50 10 500 mlhour which is about three to four orders of magnitude less than the amount
commonly used in fleod cooling condition. A number of studies have been showln that
MQL. machining can show satisfactory performance in practical machining operations [7,

8. 13, 49, 50, 51].

Lugscheider et al. [52] used MQL technigue in reaming process of gray cast iron

and aluminium alloy with coated carbide toois and concluded that it caused a reduction of



too] wear when compared with the completely dry process and, consequently, an

improvement in the surface quality of the holes.

Dhar et al. [45] also employed MQI. technique in turning process of AISI-1040
steel. He investigated the influence of near dry lubrication on cutling temperature, chip
formation and dimenstona! accuracy and concluded that cooling ability of MQL increased
the toal lite mmpanltd by dry machinung and wet machining. Based on the cxperimental
results, (he authors Tound that near dry ubrication resulted in lower curling temperatures
compared with dry and flood cooling. The dimensional accuracy under near dry lubrication
presenied notable benefits of controlling the inercase of the wark piece diameter when the
machining time elapsed where tool wear is observed. Dimensional accuracy was improved

with the use of near dry lubrication due to the reduction ol Lol wear and damage.

Braga et al. [13] reported that the holes obtained during drilling of aluminum-
silicon alloys with unceated and diamond-coated K10 carbide tools using MQL technique
presented either similar or better quality than those obtained with flood lubricant sysiem.
The investigations carried out by Kelly et al. [33] an aluminum alloy revealed that the

MQI. technigue is preferable for higher cutting speeds and lecd rates.

Davim et al. [54] carried out experimental investigations on machining of brass
under different conditions of lubricant environments. The influence of cutting speed and
feed rate on machinability aspects were studicd and concluded that flood lubrication can be

successfully replaced by MQL type of lubrication.
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Machado ¢t al. 155] applied 200-300 mlhr of lubricant in a venturi-mixed air
steeant when turning steel bars, The results showed that surface roughness, chip thickness
and cutting forces variations were improved compared (o the conventional Tlood cooling
Gituation. It was also found that the cutting and [ced forces were reduced with the use of
cutting fluids when turning medium carbon steel bars under low cutting speeds and high
feed rates. Cutting with near dry lubrication had betier results than conventional flood
cooling 1n reducing the variation of cutting forces and extending the teol life. The effect of
near dry lubrication on surface finish and chip thickness was only noticeable at low cutting
wpeeds and high feed rates. The application of near dry lubrication also reduced the cost of
cutting  [luids and related cquipments. However, the aerosol conceniration increased

compared with traditional flood cooling case.

Varadaranjan et al. [56] faund that during hard tuming of AISI 4340 stee] under
near dry lubrication had betier performance than that in dry or wet cutting in terms of
cutting forces, tcmperatu-rr:s, surface roughness, lool life, curting ratio and tool chip contact
longth. Lower cutting forces, lower cutting tf:mpl:i'amres, better surface finish, shorter ool
chip contact length, larger cutling ratio and longer too! life were observed in near dry

lurning compared with these in dry or wet cutting.

The effects of oil-water combined mist on turning had been investigated by Chen
et al. [57] on the stainless steel with the use of 17 m L/t oit and 150 ml/hr water mixture.
The use of 0il water combined mist could prevent the producticn of built-up edge (BUE),
while BUE was observed when cutting dry or with oil mist, Lower cutting lemperaturcs
were also observed with the use of oil-water combined mist compared to culting dry or

with il mist.
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Diniz ¢t al. [58] applied 10 mlhr oil in turning SAE 32100 sieef with CBN tools.
The lubricant was delivered in a supplying air pressure of 4.5 bars. The cxperimental
outputs are concluded as follow: (i) Dry and near dry machining had similar performance
in terms of CBN tool flank wear, always bemer than the tool life under flood cogling. (i)
The work piece surface reughness measurcd in near dry cutting was close to that oblained

from dry cuding.

Wakabayashi et al. [59] suggested that ester supplied onto a rake face of & tool
decomposes to carboxy) acid and alcohol and its carboxylic acid forms a chemisorbed fiim
with lubricity. Moigawa et al. [60] suggested that in practical cendition when high
machining load is applied, this type of boundary [ilm is uncerlain. Therefore the
investigation for the minimum lubrication mechanism in actual conditions must be

rssential,

Minimum quantity lubrication (MQL} has been applled in grinding by
Brinksmeier et al. [61] on two difTerent work materials, one was hardened stee] (16MnCr3)
and another was tempered steel {(42CtMo4V). The author abserved that though both dry
and near dry grinding would cause thermal damage on the hardencd material with the
creep feed prinding operation, acceptable suface tinish was obtained under minimum

quantity lubrication.

1.2.5 MQL Machining with Heat and Wear Resistant Tools

Cutting tool selection is as important criterion in machining all types of metals 50

that it can withstand the high cutting speed where the high culling lemperature gencration

20



s occurred. There are primarily three problems occurred in the cuing tool faces such as
heat generation in the chip-tool contact zone, wear af the cutting edge, and Lhermo-
mechanical shoek. The correet hardness, toughness, wear resistance, and chemical stability
of any cutting tool material will slay fong run with machining materials. In general,
increased hardness improves wear resistance but is associated with decrcased toughness.
Reed ¢t al. [62] reported that the hardness, plastic modulus and the fracture toughness of
the tool decline with increase in cutting temperature, which accelerates too! wear rate.
Morcover, thermal stresses in the tool increase with the temperature resulting in more
crachs in the tool and premature Tailure of the tool. The high cutting temperature also
causes mechanical and chemical damage of the finished surface. Depending on machining

conditions and workpiece properties, different degree of hardness or toughness is required.

When machining sieel with coated carbide tools different loo] wear mechanisms
ocour, such as: abrasion, adhesion, oxidation and even some diffusion, which act
simulneously and in pra:;portiuns depending mainly on the temperature {63]. The task of
defining which of those mechanisms is the pregominani one has become a very compiex
tusk. However, some researches relating wear mechanisms to the cutling speed have beenl
made and some imporant results have been published. Lor example, the raise in
temperature at the cuming zone ocours basically due to ihe cutting speed increase. The
abrasion phenomenofl ocours predominantly at low cutting speeds, adhesion at medium
ones and oxidation/diffusion at high ones. The fimit of growing for cutling speed depends
on several other factors, such as tool-workpiece combination, contact time between them
and the presence of culling Muids. However, those findings are only indications and may
1ot offer more than recommendations for practical applications.
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In miachining of sleels the use of proper coating struclure can contribute to
substantial reduction of the Fiction action between the rake and chip and result in a
decrease in heat pgemeration and lower the tool-chip interface temperature. The
improvement in Lhe coatings of carbide twols and in the chemical and mechanical
properties of tool materials has caused the increase of tool working life in machining
processes [64]. The selection of work picce material with low thermal conductivity and
low heat capacity and coating matcrial with low thermal conduetivity leads 10 a reduction
in lhc contact length, resulting in the effect of a thermal barrier. As a consequence, heat is

concentrated within the thin top layer of the coating to protect the tool against diffusion.

The application of high cooling type water base cutting fluids is vencrally avoided
in machining steels by brittle type cutting tools like carbides and ceramics due to ciose
cutling of the chips and thermal shocks. But it 15 also a vital concem to continue the
environmental Friendly machining system which is caused by the use of curling Auid,
pariicularly oil-based type. Due to the several negative elfcets the conventional culting
fiuids utilized in machining are considered a problem for manufacturers. Moreover, lasge
quantities of emulsion based cutting fluids for machining are still widely used in the metal
wotking industry which generatcs high costs of consumption and disposal. These fluids are
seriously harmful for the environment and day by day these environmental concerns have
become an imperlant issue to production process associated with their economic and
technological aspects. These combined aspects have heen forced the industrial sector,
research cenlers and universities to investipate alternative production processes, to create
technologies that minimize or avoid the production with environmentally aggressive

residucs. This increasing need for envirommnentally friendly production techniques and the
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tapid growth of cuting fluid disposal costs have justified the demand for alternate
machining processes without using fluids [65, 66]. The goal of research in the use of lesser
amount of cutting fluids or lubricants in mela] production processes has not been achicved
so much over the last decades. In-comparisun to the application of MQL assisted jct,
conventional cutting Muids, have less thermal stability and lubricating capability. However,
despite its advanced lubrication capability compared to conventional flood cooling, Wahl
{67] assumes that in many cases the decrease in temperature due to a reduction in friction
is not sufficient (o keep the tool at a tolerable temperature level. Darrow [68] states that
tubrication is most effective at low cuiting specds, whereas cooling becomes increasingly
important at higher cutting speeds as the lubricant cannot penelrate into the tool—
workpiece interface quickly enough. During machining with MQL some researchers used
Iwater insoluble mineral oils or synthetic oils or ester. For ihis experimentation, VG 68

hydro clear straight run cutling oil and vegetable oil are selected as MQL oil.

1.2.6 Summary of Literature Review

A review of the literature highlights ihe immense potential on the machinability
of different commercial steel in controlling the inachining temperature and also its
detrimental effects on machined products. It is realized that the machining temperature has
a significant influence on chip configuration, cutting forees, tool wear, tool life and surface
rouchness. These all responses are very essential in deciding the overall pcrfnrrﬁance of
e tool. The modern manufactnring industrics face Lhe demand for high production rate
which insists the bigher MRR. For getting high MRR il is necessary to increasc cutting

velocity and olher process parameters wlich result higher cutling zone temperature. At
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such elevated tfemperature the cutting 100ls may undergo plastic deformation and atain
rapid tool wear because by adhosive, abrasive, chemical and diffusion wear at the flanks
and the crater. The dimensional accuracy and surface integrity of the workpicce also
deteriorates due (o high temperature. Cuiting fluids are cssential to reduce the clevated
remperature. But the conventional cutling fluids are net that cffective for machining with
high cutting velocity particularly continuous cutting of materials like steel. Besides this
there are some other limitations in using and disposal of cutting fluids to be
cnviionmentally harmful and hexith harards to the workers, Recycling and reuse of
conventional cutting fluids create further problems. Though cryogenic machining

improves machinability indices, it is limited by the high cost of cryogen.

In high production machining and grinding, minimum guantity lubrication (MQL}
allows for a practicable solution in respect of economic terms and health concerns. In this
process minimum quantity lubrication (MQL) is impinged through a nozzie precisely at
the nartow cutting zone with @ spray of air and cutting oil. Minimum quantity lubrication
(VMQL) gives the significant performance in machining and grinding process. MQL causcd
A reduction of tool wear when compared to the completely dry processes and consequently
improvement of surface finish. However, even though the results got are encouraging it is
required to make further deveiopment to achieve the required effects in lerms of

temperatures, cutting forces, tool wear, tool life and surface finish.

The thesis wark was carricd out with & view 1o study the ¢ffects of minimum
quantity lubrication (MQL} of different cutting fluids on the cutting performance of
42CtMo4 steel in terms of average chip-tool culting temperature, chip thickness ratio,

cutting forces and tool wear by coated carbide SNMM-TN2000 insert as compared to
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completely dry machining. An approach based on the process paramelers {(speeds, feeds
and depth of cut) will be performed to identily the suitable MQL nozzle position for better
cocling action. In the study, the lubricant is supplied from a pressurized reservoir and

transmitred to the cutling zone as a mixiurc of Muid and air.
1.3 Objectives of the Present Work

It is exposed from the aforementioned literature revicw that minimum quantity
Jubsication (MQL) assisted machining is starling to be established as a method for
oubslantial increase of removal rate and productivity in the metal cutting indusiry. The
cconomy of machining stee! is strongly connected 10 cffective chip control, for higher
utilization of machines and temperature reduction in the tool. for raising the rates of metal
removal, The growing demands for high MRR, mainly the high cutling temperature
restrains precision and efiective machining of exotic materials. Thorough investigation 15
esscntial 1o explore the pql::tcntial henefits of minimum quantity lubrication {MQLY} in such

cases. But enough work has not been done systematically yet in this dirgciion.

The main objective of the present rcsearch work is to make a thorough and
systematic experimental investigation on the roles of minimum quantity lubrication {MQL}
by different types of cutting fluids (soluble oil, vegelable it and VG 68 cuning oil) on the

njor machinability characteristics in respeet of

4. average chip-tool interface temperalure
b.  chip morphology

i, chip thickness ratio {r.} and

25



ii. chip shape and color
G cutting forccs {main cutling force, I, and fecd force, Fp)
d. tool wear
i. principal flank wear, VI
ii. notch wear, ¥N
il auxiliary fank wear, V5
¢ quality of the {inished surfucc (surface finish, Ra)
in tuming alloy steel (42CrMo4 sieel) by the industrially used coated carbide inser
(SNMM TN 2000) at different curing speeds, feeds, deplh of cut and machining

environments combinations.

In this study, the minimum quantity Jubrication {(MQL} was provided with a spray
of air and cutiing fluids at a pressure 25 bars and coolant flow rate of 150 ml/hr. The
results indicated that the use of minimum quantity lubrication (MQL) by VG 68 cutting oil
leads to reduce surface roughness, delayed tool wear and lowered cutting tempcrature

significantly in ¢ompare to other environments.

1.4 Scope of the Thesis

There is a lot of scope and necessity to carry out intensive research and
development work for more effective and eflicient machining of such increasingly used
alloy steels. Such research and development work through understanding of mechanism
and mechanics of machining of this critical alloy will essentially enable enhanced
productivity, product quality, tool life and overall economy in machining though .optlmum

sclection of process parameter, tocl matcrial and geomelry and envirenment. Minimum
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quantity fubrication is the possible solution in the machine shops in respect of
environmental fricndliness, workers health conscicusness, cost elfectivencss and in
limiting the space requirements which can not be fulfilted by the conventional application
of cuming fluids. Considering the overail economical feasibtlity MQL application does not
affect the essentially important technologicat requircments rather works favorable in
tespect of power consumption, product quality and 1ol life. From that point of view, the
present thesis work has been taken up to explore the rofe of minimum quantity lubrication
(MQL) on the major machinability characteristics in machining (turning} 42CrMod sieel]

by coated carbide tools under different machining conditions.

Chapter 1 presenis the general requirements in machining industries, rale of
cutting tols and problem associated with high culling temperature, selection of cutting
fluids, the conventional cooling practiccs and expected role of minimum guantity
lubrication (MQL). Literaturc review and ohjectives of the present work are also presenled

in this chapter.

Chapter 2 presents the procedure and conditions of the machining experiments
carried out. The experimental results on the effects of MQL (YG 68 cutling oil and
veperable oil) relative ta dry machining on cutling temperature, chip morphology, curling
forces. cutting tool wear and surface roughpess in mrning alloy steel {(42CrMod steel)
under different cutting conditions. Calibration results of wol-work thermecouple

comprising of experimertal steg] and cutting inserl arc also presented in this chapter.

Chapter 3 presents the discussion on experimental results obtained under

different enviromments during turning the concerned steel with referred insert on cutting
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temperature, chip morphology, cutting forces, cutling tool wear and surface roughness to

evaluate the effect of dry and MQL conditions on the performance of cutling tool.

Chapter 4 conmins the conciuding remarks and also provides some

recommendations for future work. References are included at the last chapter.
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Chapter-2

Experimental Investigations

| Introduction

The economy of machining steel is strongly connected to effective control of the
cutting zone temperature and control of chip thickness for higher utilization of machines
and for raising the metal removal rate with temperature reduction in the tool. Minimum
quantity lubrication (MQL} with iis ability to provide cxeellent cooling at relatively lower
cost is an attractive and viable option in this regard. The effectiveness, efficiency and
overatl cconomy of macﬁining any work material by given tool depend largely on the
machinability characleristics of the tool-work material under the recommended conditions.

The conditions are

i, cutting temperature; that affects product quality and cutting tool
performance

fi.  chip formation mode and patlcen of machined chip

iiil. magnitude of cutting forces; which affects power requirements, vibration
and dimensional accuracy

iv. surface [inish

v.  tool wéar and tool i



The beneficial role of minimum quantity lubrication on  environmental
{ricndliness has already been established. The aim of the present work 15 to study the
machining responses in terms of culling temperature, chip-forms, cutting forees, loo life,
and surface finish which govemns productivity, product quality and overall sconomy and 1o
assess the machinability characteristics of alloy stee] (42CrMod steel) specimen under both
dry and minimum quantity fubrication {(MQL) conditions. For achieving substantial
technologicat and economical benefits in addition to environmental friendliness, minimum
quantity lubrication needs to be properly designed considering the following important

factors:

i. effective conling by enabling MQL jet reach as close 1o the actual hat
cutting zones as possible,

i avoidance of bulk cooling of the tool and the job, which may cause
unfavorable metallurgical changes.

ifi.  minimum ;mnsumptiﬂn of cutting fluid by pin-pointed impingement of et

during chip formation.

it is nccessary to mix air and lubricant to obtain the mixture to be spread on the
cuming surface. Pressurized air and lubricant are mixed in the mixing chamber. The
minture of the air and cufting Fluid is impinged at a high speed through the nozzle at the
chip- tool interface. Fig. 2.1 shows the schemuatic view ol the mixing chamber along with

noezle used for the present work.
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Fig. 2.1  Schematic view of Mixing Chamber for MQL Supply [69]

1.2 Experimental Procedure and Conditiens

Machining steel by coated carbides is a major activity in the manufacturing
industries. Machining of stezl involves more heat generation for their ductility and
production of continuous chips having more inlimate and wide chip-tool contact. In this
experiment MQL conditions are used during machining to compare the results with that of
obtained under dry condition. Minimum quantity lubrication {MQL) based machining has
been accepled as a successful semidry application because MQL has positive part on
environment fricndliness as well as techno-cconomical benefit. To evaluate and explore
the role of different cutling DNuids on the machinability of a toolwork comhination,
frequently used in machining industrics, mostly in terms of cutting temperature, chip
morphology, cutting forees, tool wear and surface finish, which manage product guality,

productivity and overall cconomy is endeavor of the present work.

The machining tests have been carricd out by turning 42CrMod sleel in a lathe
(7.5 kW) at different cutting speed-feed condition under dry and MQL environments at

consant depth of cut by coated carbide insert (SNMM-TN200G). The conditions under
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which the machining tesis have heen carried out are briefly given in Tabte 2.1. A number
of curling speed, feed and depth of cut have been taken over relatively wider ranges
keeping in view the industrial recommendations for the tool-work matcrials undertaken
and evaluation of role of variation in ¥ and [ on effectiveness of MQL. Keeping in view
less significant role of depth of cut {d) on cutting temperature, saving of work malerial and
avoidance of dominating offect of nose radius on cutting temperature, the depth of cut was

kept fixed to only 1.0 mm, which would adequately serve the present purpose.

Table 2.1 Fxperimental conditions

Machine tool : [Lathc {China), 7.5 kW
Work material : H2CrMod steel
Composition . kC=0.38-00.45%, Si=0.40%. Mn=0.60-0.90%, P=0.023%.
S=0.035%, {r=0.90-1.20%, Mo=0.015-0.030%
Size ;b 160 X 530 mm
Cutting toof : | Coated carbide SNMM -TN2000, WIDIA
Too] gcometry . |-6°,-06%,6°,157,75° 0.8 {(mm)
Coating : MCN
Toul holder . IPSBNR 2525 MI12 (WIDIA)

[Process parameters
Cutting speed, V| = |175, 247 and 352 m/min

Feed rate, I : [0.10, 0.12 and 0.14 mm/rev
Depth of cut. d : |1.00 mm
M1 supply : WAfr pressure 23 bars, oil pressurc 25 bars and flow rate 150
/e
Fuvironment : i Dry

ii. MOI. with Vepetable oil
. MOQL with VG 68 Cutting oil and
iv.  MOQL with Soluble oil

Cooling cftectiveness and the related benefits depend on how closely the MQL jet
can teach the chip-tool and work-tool interfaces where, apart from the primary shear zone,

heat is generated. The tool geometry is reasonably expected to play significant role on such
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cooling effectivencss, Coated carbide insert has been used for the presenl work considering
common interest and (ime constraint only. A standard tool configuration namely SNMM-
TN2000 has been undertaken for the present work. The insert has been clamped in a
PSBNR 2525 M12 type tool holder. The orientation of nozzle tip regarding the cutting
insert has been schling after a few trials. The thin but high velocity stream of MQL has
been heading for along the auxiliary cutting cdge of the insert. so thal the coolant reaches
as close to the chip-iool and work-tool inferfaces as possible and cools the above
mentioned interfaces and both the principal and auxiliary flanks effectively as well. Fig.
2.2 shows ihe pholographic view of the experimental sct up wsed in the present

invcstigation.

Yig. 2.2 Pholographic view of the experimental set up [69]

Minimum quantity lubrication {MQL) system consists of a compressor for
compressing and deliveting compressed air at the desired pressure, mixing chamber for

mixing cutting fluid and compressed air, suitable nozzle to impinge MQL. 1o the culling



zone, pressure and flow control valves for cffective economical use of cuting Muid.
Compressor and MQL applicator arc the two major componcnts of MQL system.
Compressor acts as air supply unit and is able to develop a maximum pressure of 23 bars.
Howevet, the main purpose of the compressor is to supply air at a pressure, which is
required 1o set in the diflerent components ol MQI. applicator. The {luid chamber is used
to conlain the cuming (uid selected for a parlicular machining. The high pressure air fTom
(he compressor enters into twe chambers, one is fluid chamber and other is mixing
chamber. Fluid chamber has an infet port and an outlet port at the op and the botom
respectively. It is connected to the compressor by a flexible pipe Lthrough the inlet port to
keep the fuid inside chamber under a constant pressure of 25 bars. It is required o
maintain the Aow of cutling tluid into the mixing chamber at conslant rate over a long
petiod of time during machining. For this a How control valve is used in between the (uid
chamber and the mixing chamber, In this study, MQL jet was provided wilh a spray of air

and cutiing (luids at a pressure 23 bars and coolant flow rale of 150 mLlhr.

‘The average chip-tool interface cutting temperature Was measured under dry and
MQL conditions undertaken by simple but reliable tool-work thermocouple icchnique wilh
proper calibration, This method Is very useful to specify the eilects of the cutling speed,
feed rate and cutting parameters on he tempéerature. Thermocouples are conductive,
rugged and inexpensive and can operaie Over a wide temperature range. But proper
functioning of this technique needs care about parasitic emf generation. To avoid
sencration of parasitic emf, a long carbide rod was used to extend the insert during
calibration. Tool and workpiece have been insulated from the machine tool. To record emf
as milivolt a digital multi-meter (Rish Multy, India) has been used where one end of multi-
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meter has been connected 1o the workpicee and other end to the teol. The graphical view of

variation of temperature with different emf (mV) has been shawn in Fig. 2.3,

b

=

=
]

]
=]
=

1

0 —T 7T 17 T 1 . T
6 8 19 12 14
Potential, mV

Fig. 2.3 Temperature calibration curve for 42CrMod sieel and carbide [69]

The cutting insert was withdrawn at regular intervals 1o study (he pattern and
exvtent of wear on main and auxiliary [lanks under both dry and MQL conditions. The
average width of the principal flank wear, VB and auxiliary flank wear, VS were measured
nsing metallurgical microscope (Carl Zeiss, Germany) Ntted with micrometer afl Tum
resolution. Mo noteh wear was observed during measuring under optical microscope. The
surface toughness of the machined surface after cach cut was measured by a Talysurf

roughness checker(Surlronic 3*, Rank Hobson, UK) using a sampling length of 0.8mm.
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2.3  Experimental Resulis

2.3.1 Cutting temperature

During machining heat is generated at the (a) primary deformation zone due to
shear and plastic deformation (b) chip-too! inlerface due 1o secondary deformation and
sliding and () work-tool interface duc (o rubbing during machining of any ductile
materials. Maximum temperature has been produced at the chip-tool interface by all such
heat sources which substantially influcnce the chip formation mode, culling forces and tool
Jife, The magnitude of this cutting temperature increases, though in differcnt degree, with
the increase of curting speed, teed and depth of cut, as a result, high production machining
is constrained by rise in temperature. Conventional cutting fluid application, may or to
some extent cool the tool and job in bulk but can not cool and lubricate expectedly at the
chip-tool interface where the temperature is maximum. This may be happened due to the
bulk contact of Aowing chips with the tool rake surface or due to elastic contacl with Lhe
too] before leaving the chips. Elastic contact allows slight penetration of the cutting (luid
only over & small region by capiliary action. The cutting fluid action.becomes more and
more ineffective at the interface with the increase in cutting speed when the chip-tool
contact becomes aimost fully plastic or bulk. Besides this, at elevated temperaturc the
cutting tool if not enough hot hard may lose their form slability quickly or wear out rapidly
resulting in increased cutting forces, dimensional inaccuracy of the product and sherler
ool life. In the present work the average chip-tool interface temperaturc has becn
measurcd under bolth dry and MQL conditions by tool-work thermocouple techniques
during tuming of 42CrMo4 sleel by coated carbide (SNMM TN-2000) insert at difTerent

\_f combinations have been showr graphically in Fig. 2.4, Fig. 2.5, Fig, 2.6 and Fig. 2.7,

36



[
=
-
=
&

o
eramie,

Average chip-tool interface temp

1000 -

900

BO0

Enviromrnent
{—0—Lry
—O— B (uutting fluwd)
—Se= RL fvegetable oil
1| —@— ML {culling oil)
| D//g
_ R
e
Wark material : 42Crhod Steel
7] Curting too] 1 SMHMM TH 2000
_ Depth ol sol 0 1.0 mm
Feed rate <1110 mmirey
T H T H ¥ ; v
150 20 250 300 350

Cutting spoed, ¥, mémin

400

Fig. 2.4  Variatiop of average chip-tool interface temperature {(8) with cutling speed (¥)

under different cavironments at f= 0.10 mm/rev

L
N
£
=
o

interface termperature

Average chiptool

1000 -

S04

800

Environment

—_— Dy

—— MGL {catling fluid)
—"— WL {vepctable vil
~— MQL [cutting ail)

|

et
ﬁ

N

Woaork materal @
Cutting ook
Depth of cut
Feed ralz

+ 1.0 mm

420 Sreel
1 BNRM TN 2000

002 mmidrey

T T T

] T T T
200 250 300 a0

Cutting speed, ¥, mmin

400

Fig. 2.5 Variation of average chip-tool interface temperature (8) with cutting speed (Y)

under dilferent environments at £=0.12 mm/rev

37



-

o Envioiment
o 1| —5— D
El[}[]{] || —l— ML [cutling faid)
—v= WQL (vegerahle oi]
E 1| —®— %QL {cutting oil) o
o e
E S0 O______,__{)———F—’F_P_.________—l
iy [ e
[ - —— e ______——'.
Z S g
= 800 e
3 o~
&, Work naterial : 42Cihod Steel
= 700 - Cutiing tool  + SNMM TN 2060
oy _ Lepthoteat  : 1.0 mm
E l'eed rate 014 mmitey
:'.: GH0 T T ' T T T - T T
150 200 230 300 350

400

Cutting speed, Vv, m/min

Fig. 2.6  Variation of average chip-tool interface temperalure {0 with cutting speed (V)
under differcat environments at £ =0.14 mm/rev
19400 1 .

> N
-, =T N] MCL [soloblealh i -
[} - o= .

% 909

g

%h B5%

';n a00

=

% 750 .

=2 : . oot

& B

A Bhl . | - MoL [0 Lutling o} o4

[ ] - - -

?é-'l o . h!QL[v:egtah[am]}_ g%‘@h

% 15D1752m {Ilzk?

225, . 2
C“an 275 o &
Peeg |, 305 010 wv?’
' ¥ My, 350 &
iy 375
Fig. 2.7

Effect of environments on chip-tool interface temperature (8) evaluated by

regression analysis of the experimental dala



2.3.2 Machining Chips

Machining is a process of shaping by the removal of material which results in
chips and (he geometrical and metallurgical characteristics of these chips are very
representative of the performance of the process because the form (Shape, color) and
thickness of the chips directly and indirectly indicate the nature of chip-tool interaction
influenced by the machining enviromment. The chip samples were collected during shart
un twraing the 42CrMod steel by SNMM-TNZO0G insert at different ¥-f combinations
under MQL conditions by three types of cutling fluids {soluble oif, vegetable oil and ¥G
68) have been visually examined and categorized as per 1SO standard 3685 [0} with
respact Lo their shape and color, The resulls of such categorization of the chips produced at
different V-T combinations and crvironments by the 42CrMod steel have been shown In
Tahle 2.2 and Table 2.3 show the actual shape and color of machining chips under

different MQL. conditions compare to dry condition.
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Table 2.2 Shape and color of chips produced during machining 42CrMod steel by
coated carbide inserl (SNMM TN-2000) under different environments

Feed |Cutting Different MOQL environments
rate, f, | speed,
mm/rev] V, Dry [ MQL MQL MQL
m/min (Soluble oil) | {Vegetable oil) (VG 68 cutting oil}
snarled | shorl short
175 | o | Dlue snarted | golden | "™ Imerallid metallic
ribbon ribbon ribbon ribbon
stiarled short shor
0.19 246 blue lang | polden golden| metallic
ribban tubular ribbon ribben
sparled snarled | py short shori
Le +
352 ritbon blue ribban tikhon blue ribbon metallic
snarled | deep long i short short
metallic ; i
175 | Hbben | blue | tubulas ibbon eI ey (metatlic
- sparled long y short shart
colden i i
0.12 244 ribbon blue tubular Hibbon metallic sibbon metallic
deep short h
long long olden shart
352 tubular | blue | tubular 8 ribbon golden vibbon golden
snarled | deep shost hort
long 1d \ sho ]
) golden |
175 | tibbon.| blue | whular ribbon metal!lc ribbon metallic
snarled short short
014 | 246 blue | 2"8 | golden golden| golden
' rbbon tubular ribbon ribban
long deep lone y short - short
i alden ;
352 tubular ; blue Iiu'l:rular g ribbon metallic ribben golden
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Table 2.3  Actual shape and eclor of chips produced during machining 42CrMo4 steel by
coated carbide insert (SNMM TN-2000) under Different environments

Feed | Cutfing Environments
rate, f, | speed, V, Dry ML MOL MOL
mm/rev| m/min {Soluble oil} | (Vegetable vil) |(VG 68 cutting oil)
Ot .r L]
R
175 |
Q\ K .
0.10 246
352
175
9.12 246
352
175
14 246
352




The thicknesses of the chips has been repeatedly measured by a slide callip;:r 1o
dewermine the value of chip-thickness ratig, ., which is an imporiant index of
machinability. Chip thickness ratio, 1o (ratio of chip thickness before and afler cut) is
another important machinability index. For given Lol geometry and cutting conditions, the
value of r. depends upon the nature of chip-tool interaction, chip contact length and chip
form, alt of which are expected to be influenced by MQL, in addition to the levels of ¥ and
t [he variation in value of r.- with change in V and f and as wel) as machining
cnvironment evaluated for 42CrMod stech which have been shown in Fig. 2.8, Fig. 2.9,

Fiz. 2.10 and Fig. 2.11.

1.0
] Waork material ; 42Crhod Seel
Cutting too!  ; SNMM TH 2000
0.% - Depthof cut 1 31.0 mm
t-:' 41 Feeid rate + 0,10 mnyfrey
£ 0.8-
=
] [
ﬁ 0.7 - -
= /
=
e 0.6 - Envi t
8 " nwmll:';mtn
= 2 FY
0.5 —i— WMQL (cutting fuid)
) —— MQL {vegetable oil)
—a— MOL {cutting ail)
'D."q' T T T ] T T —— T ———
150 200 250 300 350 400

Cutting Velocity, ¥, mitmnin

Fig. 2.8 Variation of chip-thickness ratio (r;) with cutting speed (¥) under different

environmerss at f = 0. 10 mm/rev
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Fig. 2.10 Variation of chip-thickness ratio (r;) with cutling specd (V) under different

enviromments at £ = (.14 mm/rev
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2.3.3 Cutting Forces

The deformation of a work material means that cnough force has been applied by
the (ool for permanently reshape or fracture the work material. During applying force the
phastic limit of matcrial has been exceeded and chip is tormed as the excess material. The
deformed chip is separated from the parent material by fracture. The cutting action and the

chip lormation can be more easily analyzed If the edge of the tool is set perpendicular to
fhe relative motion of the material. When a solid bar is turned by single point cutling tool
like insert, there are three forces acting on the cutting tool namely as tangential foree or

main curling foree (F,), axial force or feed force (Fy), and radial force (F;) as indicated in

44



Fig. 2.12 The major deformation stans at the shear zone and diameter determines the angle

of shear.

Fig. 2.12 Typical turning aperation showing the forces asting o1 the cutting 1oal

The angential force acts dircction tangential to the revelving workpiece and
represents the resistance w the romation of the workpisce. In a normal operation, tangential
foree is the highest of the three forces and accounts for maximum portion ot the total
power required by the operation. Longitudinal foree acts in the dircction parallel axis of
lhe work and represents resistance 1o the lengitudinal teed of the tool. Longitudinal force is
usually about 50 percent as great as tangential force. Since feed velocily is usually very
Jow in relation (o the velociry the rotating workpiece, longitudinal force accounts for only
ahout | percent of tolal powet required. Radial force acts radial direction from the center
line of the workpicce. The radial force is generally the smallest of the three, often about 50
percent as large as longitudinal force. Its effect on power requirements is very small

bhecause velocity in the radial direction is negligible.
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Langitudinal turning tests have been studied in depth by a large number of
research workers all over the world. Effects of independent parameters (Vz., cuiting,
speed, feed rate, depth of cut, wol angles ctc) on dependent machining parameters (Viz.,
shear angle, cutting forces, shear flow siress, wol chip interface temperature) have been
studied during longitudinal turning and also during accelerated cutting [71]. During
machining lhe cutting tool generally undergoes both flank wear and crater wear {24]. Flank
wear generally canses an increase in cuiting forces, dimensional inacouracy and vibration.
Crater wear takes place on the rake face of the tool where the chip slides over the tocl
curface The tool material compesition and properties are also crucial to the behavior of the

machining forees [72}, which in turn affect tool Life and surface roughness.

In the present work, the magnitude of main cutting force, Fc and feed force, Fr
have been monitored by dynamometer for all the speed-feed combinations under dry,
MOQL (soluble oil), MQL {curting oil} and MQL {vegetable oil) wmachining by coated
carbide inser {SHMM—'[‘FEE{}GD} which have been shown grﬂphicalrl-}: from Fig. 2.13, Fig.

2.14, Fig. 2.15, Fig. 2.16, Fig. 2.17, Fig. 2.1§, Fig. 2.19 and Fig. 2.20.
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1.3.4 Cutting Tool Wear

Tool wear generated due to high culling lemperature could have signiticantly
cffects on dimensional, forms and surface roughness errars. As a tool becomes wom, the
reametry of the tool tip is changed. The wear of the tool tip on the clearance side will
result (n foss of the effective depth of cut, which can generate both dimensional and form
errors of the workpicee by change of alignment between the ool and the workpiece. In

machining ool wear depends on the [ollowing parameters:

- The material and shape of the tool

» The material of the machincd parts

. Cutting conditions and coolant

. The machining process (turning, milling or drilling ¢te.)

Productivity and economy of manufacturing by machining are significantly
alTecled by life of the cutling tool. Any tacl or work malcrial improvements that increase
tool life without causing unacceptable drops in production will be beneficial. In order to
form a basis for such improvemenis, cfforts have been made to understand the behavior of
the too, how it physically wears and the wear mechanisms and forms of twol failure.
Cutting tools may fail by brittiz fracture, plastic deformation or gradual wear. In
conventional machining, particularly in continuous chip formation processes like turning,
encrally the cutting tools fail by gradual wear by abrasion, adhesion, diffusion, chemical
erosion. galvanic action cte. depending upon the tool-work malerials and machining

condition. .
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Taol wear initially stars with a relatively Taster rate due to what is called hreaklin
wear caused by aerition and micro-chipping at the sharp cutting edges. With the progress
of machining tools attain crater wear at the rake surface and flank wear at the clearance
surfaces respectively due to continuous intcraction and rubbing with the chips and the
work sutaces respectively, Turning with carbide inscris having enough strength;
loughdess and hot handness generally fail by gradual wears. Fig. 2.21 shows the schematic

view of general pattern of weat.

VE= Average flank wear
V= toich wear
Vid= Mavinum flank wear
VS= Aversge monlisry
flank wear
v hi= M amnaum awdhary
- Hank wear

Fig. 221  Schematic view of general pattern of wear [69]

Ameong the aforesaid wears, the principal Mank wear is the most imporiant
because It aggravatcs cuming forces and temperature and may induce vibration with
progress of machining which influences the dimensional accuracy of finished product. The

paliern and extent of the auxiliary flank wear (V5) affecls surface finish and dimensional
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deviation of the machined parts. Growth of tool wear is sizeable influenced by the
temperature and nature of interactions of the tool-work interfaces, which again depends
upon the machining conditions for given tool-work pairs. Wear may grow at a Irelativel}f
faster rate at cerfain lecations wilhin the zones of flank wear apart from notching, The
width of such excessive wear are expressed by YM (maximum flank wear), VS {average

auxiliary lank wear) and V8M (maximum auxiliary {lank wear),

In the present investigations the given insert atlained significant values of VM
and V5 in different deprees under different conditions. During machining under each
condition, the cutting insen was withdrawn al regular intervals and then the salient features
like, VB and V& were measured under metallurgical microscope fitted with micrometer of

least count 1.0 pm.

The growth of p'rincipal flank wear, VB wilh pmgrt:s-s. of machinilng recorded
while turning steel, underiaken by coated carbide inserl (SNMM-TN20G0) af feed rate £
=0.12mmrev and depth of cut d=1.00 mm and cutting specd V =175m/min under dry,
MQL (scluble oil}, MOQL (vegetable oi]) and MQL {Cutting oil) condilions has been shown

in Fig. 2.22.

The auxiliary fank wears which affect dimensional accuracy and surface finish
have also recorded at a regular interval of machining under all the conditions underiaken.
The growih of average auxiliary flank wear, V8 wiih machining lime of 42Cr1"-'|104 steel
under dry, MQL {(soluble oil), MQL (vegetable oil) and MQL (Cutting oil) conditions has

been shown in Fig. 2.23.



Fig. 2,22 Growth of average principal flank wear (VB) wilh time recorded during turning

42CrMo4 steel by coated carbide insert (SNMM) under dilTerent cnvironments
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Fig. 2.23 Growth of average auxiliary flank wear (VS) with time recorded during turning

42CrMod steel by coated carbide inscrt (SNMM) under different environments
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After machining the stecl over rcasonably long period the pattern and exlent of
wear that developed at different surfaces of the ol tips have been observed under SEM in
different magnification power. The SEM views represent the actual effects of different

environments on wear of the coated carbide inserts of present conligurations.

The SEM views of the principai [ank of the worn out SNMM insen afler about
33 minutes of machining of 42CrMod steel under dry, MOL (vegemable o) and MQL
(Cutting oil) conditions have been shown in Fig. 2.24. The SEM views of the auxiliary
flartk of the worn out SNMM insenl afier about 33 minutes of machining of 42CrMo4 steel
under dryv, MQL (soluble o), MQL. {(vegetable cil} and MQL {Cutting cil) conditions have

been shown in Fig. 2,235,

33



Tam L.
Mg &

e ]
EeECE Ak B Rl TR
drled EeGEORT ARRARARERAEGiEEDYY

P bkt
oy B

BT
] —a EER i EERL

Fig, 2.24 SEM views of principal flank of worn out inscrt under {z) dry (bY MQL
{vegetable cil) and () MQL (VG 68 cutting oil) conditions

20



. - . ' I L
Spot Mzgn Dol WD fp—————, 200

SE 127 MYEBUET

Dot wo ———1 25 u|";|
5L 126 MME.BUET

b) ML (vegetable oil} machining, 33 min

I
AgcY GpolMagn  Det wp —=——— 200ym

Maty G0 16k SE  1FE MEC WUET

R
{¢) MQL {VG &8 cutting 0il) machining, 33 min

Fig. 2.25 SEM views of auxiliary flank of wom out insert under (a) dry {b) MQL

(vegetable oil} and (c) MQL. (VG 68 cutting oil) conditions.

a7



2.3.5 Surface Roughness

The performance and service life of any machined part are regularized by the
quality of that product, which for a given materal is penerally assessed by dimensional
accuracy and surface inlegrity of the product in respect of surface roughness, oxidation,
corrosion, residual stresses and serface or subsurface micro cracks. Surface roughness is
predominantly considered as the most important feature of practical engineering surfaces
tlue 1o 1ts erucial influence on the mechanical and physical properties of machined pans.
So, characterization of surface topopraphy is essential in applications involving friction,
lubrication, wear and conlact resistance |73}. Surface tinish is also imponant index of
machinability or grindability which s subsiantially influenced by the machining
environment for given tool-work pair and speed-feed condition. The performance and
service life of the machined/ground component are olien alfecled by s surface Tmish,
nature and extent of residual stresses and presence of surface or subsurface micro cracks
parmiculariy when the component is to be used under dynamic loading or in conjunction

%
with some other mating parts,

Surface roughness has been measured at two slages- i) afler a few seconds of
machining with the shatp toal while recording the cutting forces and ii) with the progress
of machining whilc monitoring growth of tool wear with machining time. The variation in
surface roughness observed with advancement of machining 42CrMod sicel by the coaled
carhide SMMM inser at a particular sct of cutting speed (Y, feed rate (£), and depth of cint
{d), under dry and different MQL conditions which have been shown in Fig. 2.24, Fig.

2.27, Fip. 2.28 and Fig. 2.29 respectively.



1.3 5

J Work material . 42Crhod Stec] || Environment
1.2 Cutting ol SNMM TN 2006| {—C— Dry
g q] ] Depthofeut [0 mm —d— ML {cutting Nuid)
= | Peed raee s 010 minrey —— ML {vegetable oil)
1.0 —8— MOL (cuthing oil}
o 4
# 0.9
'En 1 A
5 0.8 A 0
= - ._._,_‘_\_‘_‘_‘_‘_\_\_—._
B0 -—a—
..-.E': J
E?J 0.6 *‘_‘
0.5
0.4 T T T T T T T T T
150 200 230 3600 350 400

Cutting speed, ¥, m/min
Fig. 2.26 Variation of surface roughness (Ra) with cutting speed (V) under differemt

civironments at £ = 0. 1) mm/rey

] Envircomcnt
1.2 —O— Dry

. —i— BOL {cutting fluid)
—Len MOL {vegetable oil}
—— MOL (cutting oil)

0.6 4| Work material - 42CeMod Stect
Tl Cutting tos]l @ SNMM TN 2000
0.5 Depth af cut 1.0 mm

1) Feed rate : 012 mmdrev
0.4 T =T T 1 T T T 1 T
150 200 250 300 350 400

Culling, speed, ¥, m/min
Fig. 2.27 Variation of sutface roughness (Ra) with cutling speed (V) under different

Surface roughness, R , pm
s = =
[a 2] O
1 oat

/[/ 1

environments at 7= 0.12 mm/irey

59



)

N
| O
B 1.1- i-hﬁ____x 0
= ] q_""—h—q___;""i—-_.__‘___‘__‘_
P R ————
B 09- e &
g e .
2 g
g 0.4 ]
% 0.7 - Environment
LE 0.6 Work matenal - 420rbod Steel —0— Dy
A TU N Cuting too]l : SNMM TN 2000 | —A— MQL (cutting flind)
0.5 Deprhofct - 1.0 mm —/— MOQL {vegerable oil
04 1| Feed rate : 0L14 minvees —& = MQL {cutting odl)
s T T v T T T T T T
150 200 250 300 250 400

Cutting speed, ¥V, m/min
Fig, 2.28 Variation of surface roughness (Ra) with cutting speed (V) under different

environments at £=10.14 mmfrey

15
14
1.3
=
i 12
T R
S
T:% 1.0
'3, 0o
5 a8
L% 07
# o0&
0,14
B5 &
113 é\
£4 &
"
o

'V Mty 375

Fig, 2.2% Effect of environment on surface roughness {R,) evaluated by regression

analysis of the experimental data

60



The variation in surface roughness obscrved with progress of machining
42CxMod steel at a particular sct of cutting speed V, feed rate £ and deplh of cut d, by the
coated carbide SNMM insert under dry and different MQL conditions has been shown in

Fig, 2.30.
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Chapter-3

Discussion on Experimental Results

3.1 Cutting Temperature

Cutting temperature increases with the increase in speeific energy consumption
and material removal rate (MRR). Such high cutting temperature affects, directly and
indirectly, chip formation, cutting forces, loel life, dimensional accuracy and surface
integrity of the products. Many Attempts have been made to reduce this prejudicial high
cutting temperature, Application of convenlional cutting fluld during machining may, 1o
some extent, cool the lool and the workpiece in bulk but cannot cool and lubricate
expectedly and effectively at the chip-tool interface where the temperature is maximum.
“This is becanse the flowing chips make principally bulk contact with the tool rake surface
and may be followed by elastic contact just before leaving the contact with Lhe tool. This
type of bulk contact does not allow the cutting fluid to pemetratc in the interface. On the
other hand, the elastic contact allows slight penciration of the cutting fluid only over a
small region by capillary action. The cutting fluid action becomes more and more
ineifective at the interface with the increase in cuiting speed when the chip-tool contact
becomes almost fully. plastic, The application of minimum quanuly jubrication {MQL) at

chip-tool interface is expected to improve machinability characteristics that play a vital



productivity, product quality and overall economy in addition to environment-friendliness

in machining particularly when the cutting temperature is very high.

The average chip-tool interface temperature has been determined by using the tool
work thermocouple technique and plotted against different cutling specds under dry and
MOL environments in turning 42CrMod steel by coated carbide insert (SNMM-TN2000).
The vartation in average chip-too] interface lemperature at different cutting speed, fced and
environment combinations have been shown in Fig. 2.4, Fig. 2.5, Fig. 2.6 and Fig. 2.7. The
cutling temperature generally increases with the increase in ¥ and f though in different
degree due to increased energy input. It could be expecled that MQL would be more
effective at higher valucs of V and £ Fig. 2.4, Fig. 2.5, Fig. 2.6 and Fig. 2.7 show that
MQL is better than dry machining far alf the V- combinations but among three eutting
fiuds used for MQL, cutting oil shows the best results, vegelable oil shows inferiority than
cuming oil. Though soluble oil shows {he better resull than dry, it is the worst among the
three MOQL conditions. 'i‘hia may be attributed to the higher Iul::ricating and cooling
capability of cutting oil than ather two which reduce the heat peneration due to friction as
well as reduce the gencrated heat effectively. Coefficicnt of friction between the contact
surface of the tool, lowing chips and the finished surface of (he work-piece is reduced by
the formation of the lubrication film, consequently reduce the frictional heat generation
and drastically reduce the cutting temperature. Less viscous vegetable oil-usually forms
thin film and rate of temperature reduction is lower in comparison (o cutting oi! when it is
cmployed as MQL. Though the coaling capacity of soluble oil increases duc 10 mixing
with water, lubricating capacity of soluble oil decreases that makes waler miscible cuming

fluid ineffective in reducing cutting temperature at the chip-tool interface.
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It 15 apparent from Fig. 2.4, Fig. 2.5, Fig. 2.6 and Fig. 2.7 that as the cutting speed
and [eed rate increase, Lhe percentage reduction in average cutling temnperature decreases.
It may be for the reasons that, the bulk contact of the chips with the ool increases with the
increase in ¥ and f which do not allow significant entry of coolant jet. Only possible
reduction in the chip-tool conlact length due to the dragging of the chip by MOQL jer
particularly (hat comes along the auxiliary cutting edge, can give access the jet towards the
inter{ace, reduce the temperature to some extent particularly when the chip velocity is high
due to higher V. This small amount of reduction in average cutting temperature is quite

sigrificant in pertaining tool life and surface finish at industrial speed-feed conditions.

The percentage saving in average chip-tool inlerface temperature {0) attained by
different MQL application for a set of V- combinations have been cxmacted from the
previous figures and shown in Table 3.1 for machining 42CrMod steel with coated carbide
insert. For the convenience of comparison, the ranges and averages of percentage savings
il © have been scparatel:;f shown in Table 3.2, which visualizes h-;w-« the benaﬁcliai mole of

WOQL varied with different cutting fluids.

Table 3.1 and Table 3.2 shows that the reduction in curling temperature among all
V-f combipations is more for the sct V =175m/min and f = 0.10 mm/rev. In this V-{
combination temperature reduction under MQL by cutting oil, vegerable oil_ and soluble oil
varies from £.60~12.53%, 6.67-8.98% and 3.36~5.44% respectively. It can be noticed that
with the increase in speed and feed MOQL becomes less eiTec-tive. This may be due o the
increase in chip load and increase in plastic contact length during cufling prevents the
MQL to enter into the chip-tool interface. More over, it shows the best reduction at higher

culling speed for lower feed rate. Again Table 3.2 presents Lhat the average percentage
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reduction in chip-tool interface wemperature under MQL by cutting oil, vegetable oil and

soluble ol are 10.58%, 7.60% and 4.29% respectively, Therefore, in all the tests through

out the entire experiment, MQL with cutting oil {¥G 68) shows the best performance due

to its better cooling and lubrication irrespective of speed feed and depth of cut.

Table 3.1 Percentage reduction in 9 due to minimum quantity lubrication {MQL} in
turning 42CrMod steel by coated carbide SNMM TN-2000 inserts

Percentage reduction in 6 under different MOQL
Cutting speed, .
Feed rate, £, v environments
mm/rey ’ MOL MOQL MQL
m/min
{Cutting fluid)| (Vegetable oil) (VG 68 cutting oil)

175 5.44 8.8 12.53

.10 246 4.60 7.93 10,92
352 4.58 7.37 10.71

175 442 872 12.09

0.12 246 4.09 7.4% 10.10
352 462 7.14 9.34

175 3.76 7.18 11.73

0.14 240 3.36 6.95 9.19
352 3.76 6.67 .60

Table 3.2 Average percentage reduction in 8 due to minimum quantity lubrication
(MQLY) in turning 42CrMo# stecl by coated carbide SNMM TN-2000 inserts

' Average percentage reduction in 6
Savings ML MOQL ML .
{Soluhle oil) {Vegetable oil) {¥YG 68 cutting oil)
Rangc 3.36 - 5.44 6.67 - 8.98 8.60-12.53
Averge ] 429 7.60 10.58
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32  Machining Chips

During machining ductile materials the form and shape of chips are found 1o
depend upon the mechanical propertics of the work material, tool geometry particularly
rake angle, levels ol process parameters particularly ¥ and £ and cuming envircnment. In
abscnce of chip breaker, the length and uniformity of chips increase with the increase in
ductility and sofiness of the work material, tool rake angle and cutting speed unless the

chip-teo! interaction is adverse inducing intensive [Tiction and built-up edee formation.

Table 2.2 and Table 2.3 represent the shape and colour of the chips produced
during machining 42CrMod steel with coated SNMM carbide insert under dry and
different MQL conditions. Table 2.2 and Table 2.3 show that the chips having
unfavourable shape (snarled ribbon or long tubular) is under dry and MQL with scluble oil
condition and meore favourable chips (Short ribbon) are produced under MQL wilh
vegerable oil and MQL; with cuming oil conditions, Dependil;g upen the cutting
temperature (level of process parameter) the chips become metallic, golden or blue. From
Table 2.3 it is clear that when Vv and f werease, the chip becomes much deeper {fTom
metallic to blue} for increase in chip-tool interface temperature. Again the colour of the
chips also becomes lighter depending upon reduction 1n cutling temperature by the
application of MQL. Under dry condition the colour of the chips produced-are deep blue
due 1o hich euring temperature. U'he colour of the chips significantly changes from dark
blue to golden or meiallic with the application of minimum quantity lubrication comparing
to dry condition. But among the three 1ypes of cutting fluids the VG 68 cutting oil shows

the favourable resuits in this regzard.
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The chip-thickness ratie {r;} 18 at important index of chip formation and specific
energy consumption for a given tool-work combination. Chip thickness depends on almaost
all the parameters involved in machining. The degree of chip thickening which is
measurcd by chip thickness ratio, plays an important role on cutting forces and hence on

cutling energy requirements as well as curing temperature, [t is evaluated from Lhe ratio,

g, fsing - -
Where,
r. = Chip thickness ratio
a, = Chip thickness before cut = [sing
as = Chip thickness
= Fecd rate
¢ = Principal cutling edge angle

During the machining of the ductilke metals and alloys, continuous chips are
produced and the value of r. is generally less than 1.0 because chip thickness afier cut {ag)
hecomes greater than chip thickness before cut (ar} due to almost all sided cumpression
and friction at the chip-tool mterf;ux:. Smaller value of 1. means larger cutting forces and

friction and hence is undesirable.

The effect of increase in ¥V and £ and the change in environment on the value of
chip-thickness ratio (r,) obtained during turning 42CrMo4 steel ore shown in Fig.2.8,
Fig.2.9, Fig.2.10 and Fig.2.11 which dcpict some significant facts: {i) values of r. has all
along been less than 1.0, (ii) the valuc of r; has increased by the application of minimum
quantity of lubricant and {jii) the value of r; increases with increase in V and f. The value
of 1. usually increases with the increase in ¥ particularly at ils Jower rangc due to

plasticization and shrinkage of the shear zane for reduction in friction and built-up edge
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formation at the chip-tool interface due to increase in temperature and sliding velocity. In

machining steels by tools like carbide, usually the possibility of built-up cdge formation

and size and strength of the built-up edge, if formed gradually increase with the increese in

temperature due to increase in V and also f 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.-

Table 3.3 Percentage increment in r, due to minimum quantity lubrication {MQL}Y in
turhing 42CrMed sieel by coated carbide SNMM TN-2000 inserts

Perccntage increment in ro under different MQL
Cutting speed,
Feed rate, f, v covironments
mm/rey ’ MOQL MOL ML
m/mia
{Soluble oil) | (Vegetable oif) | (VG 68 cutting oil)
175 5 12 16
¢.19 246 3 11 15
332 3 10.6 14
175 3 11.29 14.51
0.12 246 3 11 14
352 6 13 17.39
175 3 11 15.38
0.14 246 4 12 17.39
352 5.4 11 15

Table 3.4 Average percentage increment in ¢ due to minimum gquantity lubrication
(MQL) in turning 42CrMo4 steel by coated carbide SNMM TN-2000 inseris

Savi Average Percentage increment io r,
avings MQL MOL MOL
{Soluble oil} {Veretable oil) {VG 68 cutting oil)
Range 3-6 10-13 14-1%
Average 4.38 1136 15.23 I
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[ig. 2.8, Fig. 2.9, Fig. 2.10 and Fig. 2.11 show that 8MQL has increased the value
at chip thickness ratio for all V-f combinations duc (0 reduction in friction at the chip-tocl
interface, reduction in built-up-edge formation and wear at the cutling edges. In all V-f
combinations MQL by cutting oil and vegelable o1l show more eltectiveness than soluble
oil. The figures clearly show that throughout the present experimental domain the vai}lt of
ro aradvally increased with the increase in V and [ in different degree under both dry and
ML conditions. Among three ML conditions, cutting oil (VG 68) has shown the best
performance, because the value of ¢, has increased more than the other two Nuids, Le.

vezetable oil and soluble il

The percentage increment in chip-thickness ratio, r, atlained by MQL for different
cuttine speed and feed have been calculated from the previous figures and shown in ‘Fable
3 3. For ease of comparison, the ranges and averages of percentage increment in r, has
been separately shown in lable 3.4 which visualizes the variation of beneficial role of
MQL with dilferent cuttir;g fluids. From Table 3.4 the range of pn::rcentage increment of
chip thickness ratio for the above mentioned V- combinations for MQL by cuning oil,
vegetable oil and soluble oil over dry condition are 14~17%, ]-Ell~13% and 36T
respectively. Again Table 3.4 presents the average valuc of percentage increment in chip-
thickness ratio for MQL by cutting oil, vegetable oil and soluble oil are 15.23%, 11.36%
and 4.18% respectively. These indicale Lhat cutting ofl (VG 68} gives best performance

than other twa fluids.
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3.3  Cutting Forces

It has already becn mentioned in the previous chapter that the magnitude of the
cutting force is & major index of machinability which governs productivity, product quality
and gverall economy in machining. The cutting forces increase almost proporiionally with

the increase tn chip load and shear strength of work material.

During machining 42Crlo4 steel by coated carbide insert (SNMM-TN2000)
main cutting foree (Fo) and feed force {FQ) were recorded under dry, MQL (soluble oil),
MQL (vegetable r:rili and MQL (culing oil} conditions. The variation in main cutting
lorces (Fe) and feed force (Fj) at differemt cutting speed, feed and enviromment
combinations have been shown in Fig. 2.13, Fig. 2.14, Fig. 2.15, Fig. 2.16, Fig. 2.17, Fig.
2.18. Fig. 2.19 and Fig. 2.20. The figures clearly indicate the influence of feed and cutting
speed an main cutting force (Fc) and feed force (Fy). The main cuting force and feed force
are increased though in different degree by increasing feed due to increased energy input
and chip load and decrcased by increasing cutiing speed due to much soflening of the work
material zhead of the advancing tool. It could be expected that MQL would be more
effective at higher values of cutting speed, V and lower values of feed, f. Fig. 2.13, Fig.
2.14, Tig. 2.15, Fig. 2.16, Fig. 2.17, Fig. 2.18, Fig. 2.19 and Fig. 2.20 show that MQL is
bemer than dry machining for afl the V-f combinations but among three MQL conditions

culting oil shows better resulis than other two.

It is evident from the (igures Fig. 2.13, Fig, 2.14, Fig. 2.15, Fig. 2.16, Fig. 2.17,
Fig. 2.18, Fig. 2.1 and Fig. 2.20 that as (he cutring speed increases, the percentage

reduction in main cutting force and [eed force decrease. The cause behind the percentage
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reduction in main cutling force and feed force is that the MQL jet becomes less effective
with the increase in ¥ and f due to increase in contact length of the chips with the tool

which dao not allow significant entry of coolant jet

The percentage saving in main cutling force and feed force atlained by different
MQL for a set of ¥-f combinations have been extracted from the previous figures and
showenn i Table 3.5, For the convenience of comparison, the ranges and averages of
percentage savings in Fe and Fy have been separately shown in Table 3.6, which visualizes

the variation of the beneficial role of MQL using ditferent cuming fluids.

Tabic 3.5 Percentage reduction of cutling forces (F; and Fg) due to minimum quantity

lubrication (MOQLY in turning 42CrMod steel by coated carbide SNMM THN-

2000 insers
Cutting forces
Feed rate)| Cutting MLain cutting force (Fg) Feed fovee (Fo
¢ lspeed, V. MQL | MQL | MQL | MQL | MQL [ MQL
{Cutting [(Vegetablg (VG 68 | (Cutting (Vegetable, (Y( 68
mmrev | m/min
Niuid) uil} cutting Nuid) oil) cutling
aill oil}
175 0,52 1190 | 1429 7.99 10.41 12.11
0.10 246 6.89 9.44 11.99 5.31 7.90 9.75
332 5.33 .00 10.67 3.73 6.44 8.40
173 8.30 10,48 13.76 6.74 8.6 11.56
0.12 246 6.78 9.11 11.68 5.20 7.57 9.44
352 7.00 9.50 12.00 5.42 7.97 9.76
175 5.93 8.91 12.48 5.35 7.37 10.25
0.14 246 6.12 8.23 10.55 | 4.53 6.67 8.27
352 4.02 6.25 8.48 2.39 4.66 6.16
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Table 3.6 Average percentage reduction in cutting forces due to minimum quantity

lubrication (MQL) in turning 42CrMod steg] by coated carbide SNMM insers

Average Percentage reduction in cutting forces
Main cutting force (F.) Feed force {F,)
Savings MOL MQL MOL ML MOL MOL
{Cutting ¥Vegetablel (VG 68 {Cutting | (Vegetable | (YG 68
[uid} oil) cutting oil} Nuid} oil} cutting oil)
Range | 4.02-9.52 |6.25-11.9| 8.48-14.29 | 2.39-7.99 | 4.66-10.4] | 6.16-12.11
Average 7.09 a4 12.67 5.18 7.55 0.52

Table 3.6 shows that the percentage reduction of main cutting force for the stated
V-f combinations under MOQL using cutting oil, vegelable oil and soluble oil over dry
condition are 8~14%, 6~[1% and 4~9% respectively with an average of 12%, 9% and 7%
respectively. Percentape reduction of feed force for the slated V-f combinations for MOL
using cutting oil, vegetable il and soluble oil over dry condition are 6~12%, 4-10% and
2~T% respectively with an average of 9%, 7% and 5% resp;ectively. Among the

environments MQL cuhing oil (WG 68) gives the best performance.

24 Cutting Tool Wear

It has already mentioned that cuiting tool wear are penerally quantitatively
measured by the magnitudes of ¥B, VS, VM, V5M cte. shown in Fig. 2.21, out of which
V0 is cc-lnsidcred to be Lthe most significant parameter in R&D work. Among the different
tool wears, the principal flank wear is the most important because it raises the cutting
forces and the related problems. The life of carbide tools, which mostly fail by wearing, is

assessed by the actual machining time after which the average value of ils principal flank
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wear {VB) reaches a limiting value, like 300pm Therefore attempts should be made to

reduce the rate of growth of flank wear in all possible ways without sacrificing MRR.

The gradual growth of ¥B, the predominant parameter 1o determine the end of
ool life, has been observed during turning of 42CrMod steel by coated carbide {SNMM-
‘TN 2000) inserts at a cutting speed 175 m/min, feed rale 0.12mm/rev and depth of cut 1.0

mm under dry and ML have heen shown in Fig. 2.22. MQL by cutling oil and veéetable
oil at feed .12 mmirey, cutting specd 175 m/min and depth of cot 1.0 mm is move
effective, for this, the above process parameters are selected to assess the wearing of insert.
It is clearly observed from the Fig. 2.22 that the principal flank wear (VB) decreases
significantly under MQL condition dug to cooling and lubrication even under adverse
conditions. Such improvement by MQL jet can be aitributed mainly to retention of
hardness and shampness of the cutting edge for their steady and intensive cooling,
protection from oxidation and comosion and absenee of boilt-up edge formation, which

accelerates both crater al;d flank wear by flaking and chipping. Fig. 2.22 also shows thal

growth rate of VB slowdown in case of applying culting oil as MOL than vegemble oil.

Another important ool wear eriteria is averape auxiliary flank wear which
zoverns the surface finish on the job as well as dimensional aceuracy. Iregular and higher
auxiliary tlank wear leads to poor surface finish and dimensional inaccuracy. The auxiliary
flank wear, which occurs due to rubbing of the tool lip against the {inished surface.
Gradual decrease in depth of cut which is propertional to the mapnilude of auxiliary flank
wear (¥S) increases the diameter of the job in straight turning with the progress of
machining. And the imegularity developed in the auxiliary curling edge due to wear

impairs the surface finish of the product.



The growth of ¥S has been depicted in Fig. 2.23 for different environments.
MOL jet coaling provides remarkable reduction in ¥5 with the progress of machining. 5o,
it i5 clearly appears from figures that the rale of growth of flank wears (VB and V5)
decreases substantially by MQL when turning stecl by SNMM inserns. Pressurized jet of
MQL. has casily been dragged inlo the plastic contact by its high energy jet, cools the
interface and lubricate propetly. It net only cools the interface but also reduces frictional

heat generation by lubricating the friction zones.

Application of MQL has provided substantial improvement and much uniform
flank wears those have been much smaller in tagnitude and there was no sign of notch
wear. In the process of machining, the cutting tools usually underge rapid wear called
break-in wear at the beginning of machining due to atirition and micro-chipping and then
uniformly and relatively slow mochanical wear followed by faster wear at the end. The
mechanism and rale of growth of cetting tool wear depend much on the mechanical and
chemical properties of m;}f and the work matcrials and their behaviour under the cutting
conditior. While machining this steel, no notching has been found to develop in any of the
inserts even under dry machining condition possibly [or less hardenability and more

chemical stability of this steel.

The SEM views of the worn oul inscris afier turning 42CrMo4 steel at a particular
Vf-d combination under differsnt cnvironments atter 33 min of machining, shown in Fig.
2.24 and Fig. 2.25, qualitadvely indicate that MQL has provided sizeable reduction in
overall wear of the insert. Fig. 2.24 also shows that principle [lank wear occurred non-
uniformly along the main cutting cdge of SNMM tool under dry and MQL with vegetable

ail condition. During dry cutting the cutling insert suffered a lot due to intensive high
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temperature, Though MQL with vegemble oil reduces the cutting temperature the curling
msert sufters drastically at its nose and suwrrounding due to more abrasion. MQL with
cutting oi] provided more or less uruform principal flank wear in machining the 42CrMod
steel. Substantial reduction in average auxiliary Mank wear (Y5} of SNMM inserts enabled
by present MQL in machining 42CrMo4 steel has been revealed in Fig. 2.25. So it is-found

that cutling il increased to! life by deercasing toof wear.
3.5  Surface Roughness

Surface roughness is an important measuring criterion of machinability because
nerformance and service life of the machined component are often affected by its surface
finish, nature and cxient of residual stresses and presence of surface or subsurface micro-
cracks, if any, particularly when that component is (o be used under dynamic foading or in
conjugation with some olher mating part. Surface roughness is an imporiant design
consideration as it impau:l-.s many parts characteristics such as fatigue strength, cleanability,
assembly tolerances, cocflicicnt of friction, wear rate, corrosion resistance and aesthetics
| 74). [sai ct al [75] slated that the possible factors atfecting surface hnish wers feed rate,
cutling speed, depth of cut, cutler geometry, cutler runout, tool wear, cutter force and
vibration under dynamic cutting conditions. The major causes behind development of

surface roughness in continuous machining processcs anc:

i.  regular fced marks left by the tool tip on the finished surface
ii.. ircegular deformation of the auxifiary cutting edge at the tool-tip due to
chipping, fracturing and wear

iii.  wibration in the machining system
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iv.  built-up cdpe tormation, il any

Even in absence of all other sources, the turned surface inherently atains some
amount of roughness in uniform configurations due to feed marks. The peak value 4::1: stich
roughness depends upon the value of feed rate, { and the geometry of the turning insers.
Nose radius essentially imparts cdge strength and better heat dissipation at the tool tip but
its main contribution is drastic reduction in the aforesaid surface rouphness as indicated by

the simple relationship,

I:'I
Where,
I, = Peak value of roughness caused due to fcd marks
T = Nose radius of the turning inserls
{ = Feed ratc

Machining at high fced and cutting speed, the peak value, h, may decrease, dug to
rubbing over the feed mark ridges by the inner sharp edge of the Mowing chips. Funher
deterioration of the cutting edge profile takes place due to chipping, wear cte. Formation of
built-up edge may also worsen the surface by furiher chipping and Naking of the log!

materials and by overflowing te the auxiliary Mank at the tool-tip.

For the present study, only surface finish has been considered for assessment of
product quatity under dry and MQL machining conditions. It is evident that MOQL
improves surface finish depending upon the work-tool materials and mainly through
controlling the deterioration of the auxiliary cuming edge by abrasion, chipping and built-

up edge formation. Feed force as well as chip thickness ratio is responsible for surface
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roughness along the longitudinal direction of the turned job. Usually surface roughness
increases with the increase 1n feed (F) and deereases with the increase in cutting speed (V).
Reduction in R, with the increase in ¥ may be atiributed to smoother chip-lool mterface
with lesser chance of built-up edge formation in addition to possible truncation of thn;: feed
marks and slight Matening of the tool-tip as cutting lorce decreases and chip thickness
ratio increases with the increase in cutting speed. [ncrease in cutting speed may also cause
slight smoothing of the abraded auxiliary cutting edge by adhesion and diffusion type wear
and this reduces surface roughness. So, cutting speed (V) inlluences on surface roughness

under dry and MQL machining.

Fig. 2.26, Fig. 2.27, Fig. 2.28 and Fig. 2.2% show the variation of surface
roughness, R, atained during turning 42CrMo4 stecl by coated carbide inserl (SNMM-TN
2000) at various V-f combinations under dry and MQL (soluble oil, vegetable oil and
cutting oif) conditions. It is clear that the surface roughness decreases with the increase in
cutting speed and Increas:es wilh the incrcase in feed but during all the treatments under
dry and MQL machining conditions MQL provides lesser sélrfm:a moughness than
carresponding dry condition. This is mainly because of frequent formation or chance of
farmation of bufli-up edge, quick separation of built-up cdge and behaviour of materials to
be machined under dry machining condition than that of MOQL condition. Cutting oil gives

the smoother surface among the three MQL conditions.
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Table 3.7 Percentage reduction in R, due to minimum quantity lubrication (MQL) in
turning 42CrMod stee! by coated carbide SNMM TN-2000 insers

) Percentage reduction in R, under different MQL
Cutting speed,
Feed rate, §, v environmenis
mm/rev . MQL MQL MQL
m/min
(Selzble vil} | {Yegetable 0il} | (VG 68 cutting oil)
175 14 18 2]
0.10 246 g 12 7
352 5 10 14
173 15 19 25
.12 246 11 16 272
352 17 21 25
175 12 16 py)
0.14 246 12 16 35
352 11 15 22

The percentage reduction in average surface roughness (R,) attained by MQL for
different V-f combinations have been extracted from the provious figures and shown in
‘labic 3.7. For convenience of comparison, the ranges and averages of percentage savings
in R, have been separately shown in Table 3.8 which visualizes how the beneficial role of
MOL varied with different cutming fluids. From the Table 3.8 it is shown that in respect of
surface Toughness MQL is beter for =0.12 mm/rev and ¥=352 m/min. The value of
percentage reduction for cutting oil, vegetable oil and soluble oil are 17~-25%, 12-21%
and 6~17%respectively. Again the average percentage reductions are 21.4%, 15.75%

and] £ 5% for cutting cil, vegerable oil and soluble oil respectively.
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Table 3.8 Avcrage percentage reduction in Ry

due to minimum quantity fubrication

{MQL?} in turning 42CrMo4 steel by coated carbide SNMM TN-2000 insents

Avcrage percentage reduction in R,
Savinos MOQL MOQL MOQL
{Soluble oil} {Vegetable oil) (¥ G 68 cutting cil)
Range 6-17 12-21 17-25
Average 11.5 I 15,73 214

Surface roughness has also been measured al regular intervals while carrying out
turning for sudy of too! wear, It has been found that surface roughness developed with the
progress of machining, though in different degree under different tool-work-environment
combinations. Fig. 2.30 shows the growth in surface roughness observed with progress of
machining of 42CrMo4 stcel by th= SNMM inser at prede[ined speed-feed-depth of cut v
=175 m/min, £=0.12 mm/rev and d=1.0 mm) combination under dry and MQL conditions
up to 35 minutes of machining. Fig. 2.25 reveals the patern of growth of surface
roughness, Such observations indicate distinct correlation between auxiliary Mank wear
and surface roughness. From Fig. 2.30, it is clear tha; surface roughness gradwally
increases with the machining time due to gradual increases in auxiliary Mank wear (V3).
MOL has appeared to be more effective in reducing surface roughness as it did for
auxiliary flank wear. The rate of increase in surface roughness decreases W significant
extent when machining has been donc under minimum quantity fubtication. MQL jet not
anly reduce the VS but alse possibly of built-up edge formation due to reduction in
temperature. However, it is apparent that MQL jet substantially improves surface finish
depending upon the work-tao! materials and mainly through controlling the deterioration

of the auxiliary cutling edge by abrasion, chipping and built-up edge formation.
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Chapter 4

Conclusions and Recommendations

————.

4,1 Conclusions

DCluring machining the use of cutting fluids change the performance of machining
operations because of their lubrication, cooling and chip flushing functions. Minimum
quantity Jubrication {MQL) presents as a feasible altemative for machining steels with
respect to cutfing temperature, chip formation, cutting forces, tool wear and surface
roughness. The results clearly indicatle the advantages of using VG 68 cutting oil as MQL
coolant over dry as well as other coolants like vegetable oil and waler soluble cutting (uid
when applied as MOL. The following conclusions ean be made based on the observations

and the experimental results obtained,

(iy Application of mitimum guantity lubrication (MQL} not only reduced the
demand for culting fluid but also made significant technological benclits
which has been observed during machining 42Criod siesl by coated

carbide insert {SNMM-TN 20005,

(iily MQL assisted jet enabled reduction in awerage chip-tool interface

temperature from 3 to 12.5% depending upen the types of cutting (uids.



(i)

(iv)

Even such apparently small reduction, enabled significant improvement in
the major machinability indices. MOQL by ¥G 68 cutting oil reduced cutting
temperalurc by about 8.6%-12.5% that indicates the effectiveness of cutting

oil over other two MQL coolants,

Application of minimum quantity lubrication (WMQL} provides an effective
and clficient cooling and improved chip-tool interaction in turning
42CrMo4 steel, which changes the mode of chip formation and ascertain
favourable chip shape and colour. Chip thickness ratio (r.) increases more
predaminantly by the use of MQL. than dry condition because MOL reduces
the friction between the contact surfaces of the chip-tool and work-tool.
Amoang the three MQL coolanls Vi 68 cutting oil exhibits the best resulls
in respect of chip thickness ratio when 42CrMod steel is machined using
coated SNMM carbide insert. MQL by ¥G 68 cutting oil has increased the

chip thickness ration (ro) by 14 to 17%.

The magnitude of cutling forces was reduced sizably by the application of
MQL as the chip fonmation modes become favorable. Main cutling force
reduced more predominantly than feed force. Favorable changes in the chip-
tool interaction and retention of the cutling edge sharpness for a prolong
time of machining dut to the reduction of cutting zone temperature seemed
to be thc main reason behind the reduction of cutling furces by MOL.
Cutting cil more promincntly reduced main cutting force and feed force as
well as energy consumplion than vegetable oil and waler soluble cutting

fuid. -
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4.2

v

{vi)

The most incredible contribution of MQL jet in turning 42CrMo4 steel by
coated SNMM carbide insert undertaken was the high reduction rate in
flank wear as well as large increment in tool life that improve Lhe
dimensional accuracy of the job even under high speed feed condition.
Cutting tool wear, flank wear in particular have decreased subslantially due
to the retardation of the temperature sensitive wear, like diffusion and
adhesion when turning 42CrMod steel under minimum quantity lubrication

by VG 68 cutling oil in comparison to other envirenments,

Surface quality depends upon the pattern and magnitude of auxiliary flank
wear. MQL significantly reduced auxiliary flank wear by reducing the
culting temperature, accordingly surface roughness was reduced W & large
extent when YG 68 cutting oil was employed as MQL. ¥G 68 reduced or
eliminated the formation or possibility of formation of built-up edge due to
more drastic reduction in fank temperature that als::: helped to produce

smoolher surface.

Recommendations

{i}

MQL jet can be applied ateng principal cunling edge or along the flanks or
in combination of cutting edges and flanks in lieu of only along auxiliary
cutting edge. The best solution of application methods to contro! tool wear

and air quality can be otfered throuph studying those configurations.
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(i)

(i)

{1v)

Tool geomctry plays significant role on chip formation mode, cutting
temperature, tool wear and failure, surface [inish, residual stresses, and
white Javer gencration. SNMM tool configuration was used for these
treatments. Other tools can be used for machining this stegl to find out the

suitability of lool geometry.

Ta achieve a betler underslanding of the machining process planning with
environmental concerns as a faclor of consideration, the cutting fuid
atomization behavior in near dry turning process in order to estimate the

resulting air quality can be further investigated in the future,

In this work, the patlern of flow is not considered. So for future
investigations the patteen of flow of jet can be measured, L.e., whether it is
laminar or turbulent. Though turbulent flow is able to transport more heat in
comparison lo laminar jet, but for more thinning of jet laminar flow jet is
preferable. With increase in air pressure and nozzle tip diameter, the
effective laminar Mow patern for more eflcetive and efficient cooling can

be casily maintained.
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