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Abstract

Hard turning is a profitable alternative to finish geinding in respect of dimensional
" accuracy and surface [inish to fulfill functional requirement. improved performance and
prolonged service life of the product. Hard turning is able 1o reduce processing time,
production cost, surface roughness and setup time appreciably in comparison to grinding.
But high heat generation at high production machining increase tool wear and detcriorates
the job quality. The conventional cutting fluids are not that effective in such situation.

Minimum quantity lubrication (MQL) is a suitable alternative in this regard.

In this research work, the effects of MQL on cuiting perfurmance of hardened
AIST 4320 steel in respect of chip formation, chip-tool interface lemperature, ool wear and
produci quality have been studied using coated carbide insert (SNMG-TN 4000). Three
rypes of cutling fluids (soluble oil, vegetable oil and VG 68 cutling oil) have been used 1o
compare the relative performance of ;hn}s.e cutting fluids with each other as well as with

that ol dry conditiorn,

Comparcd to dry condition, MQL performed better mainly duc to substantial
reduction in culling temperature that enabling favorable chip-tool interaction. This also
facilitated the substantial reduction in tool wear. dimensional inaccuracy and surface
roughness. The results indicated that the use of minimum quantity lubrication (MQL) by
VG 6% curting oil performed better in comparison ta other cutting fluids in respect of chips
formation mode, cutting temperature, too] wear, surface moughness and dimcasional

deviation,

xiv



Chapter 1

Introd uction

1.1 Introduction

Parts manufactured by casting. lorming, or shaping processes ofien requirc tirther
operations before the product is ready for use. These operations arc done by machining
processes. Machining is the broad term which describes the removal of material from a
workpiece, Machining system covers cutling, abrasive operations such as grinding,
nontraditional machining processes using electrical, chemical and optical sources of
enerery. The present and future manufacturing industries are essentially required o address
different challenges and needs, such as high production rate, high qualily and development
of advanced materials, cost competitiveness and cnvironment friendliness. Al
manufacturing industries and activitics need to plan their strategies and resources in light

ol these factors.,

The requirement of manufactured parts in lerms of complexity, shape, material,
size, elc. incvitably enforces the manufacturing firms to adapt new optimization strategies
for the manufacturing processes, allowing the use of laiest manufacturing techniques. The
parl sequences in the manufacturing process, are gencrally diverse, and are directly linked
fo the part shaping process. A process can include sequences of molding, forming,

shearing, thermal treatment and finish machining process. Optimization stralegies can
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avoid or delcle cerain sequences, according to the initial shapes and the necessary
requirement of the final part. The actual optimization strategics aim at increasing the

productivity, quality, or the cost reduction by searching

i oplimal material removal,
ii. improving machining accuracy,
iii. reduction of the number of operations and the machining allowances; and

iv. inlroducing of elficient and flexible sequences

Producers of machined components and manufaclurcd poods are continually
challenged to reduce cost, improve quality and minimize setup times in order to remain
competitive. Frequently the answer is found with new technology solutions. Such is the
case with grinding where the (raditional operations involve expensive machinery and
generally have long manufacturing cycles, cosily support equipment, and lengthy sciup
times. The newer solution is a hard turning process, which is best performed with

appropriately confligured turning centers or lathes [1].

The conventional method for producing precision products has brccn soft
machining and heat-trealment, (inishing wiith rough and fine grinding, and fimally honing
the heat-treated component. In order to increase flexibility of production and make it more
agile, manufacturers have realized the potential of replacing the grinding operations with
hard turning. The turning lathe can incorporate more operations, making it easier Lo reset,
and it has fewer lype-dependent tools than a grinding machine. In shorl, the hard turning of

components is a more suitable technology for the production of small lots than grinding.

]



In order to change from grinding to hard turning, three levels of substitution can
be recognized: the first level substitutes rough grinding; the second level substitutes fine
grinding; and the last level includes substitution of the honing operation. The more
grinding and honing can be substituted, the greater are the benelits of hard turning. In
order Lo accomplish this, it is nccessary to have good knowledge of the surface integrity
created by hard turning [2]. Hard machining makes a major contribution to search
flexibility during the machining of hard alloys or high mechanical swength materials. In
fact, intermediate operations such, &s grinding operations can be eliminated. This. in most
cases, leads o substantial cost reduction in manufacturing, and therefore hard turning

operations are developing wide applications in industry.

Hard turning is an emerging technology that can potentially replace many
grinding operations duc to improved productivity, increased Mexibility. decreased capital
expenses, and reduced environmental waste. The ultimate aim of hard turing is (o remove
work piece matetial in a single cut rather than a lengihy grinding operation in order to
reduce processing time, production cost, surface roughness, and sctup time, and to remain
competitive, So hard rurning is a developing technology that offers many potential benefils
compared to grinding, which remains Lhe standard finishing process for critical hardened
steel surfaces. High material removal rate and relatively low tool cost are some of the
economical benefils. To increase the implementation of this technology, questions about
the ability of this process to produce surfaces that meel rcquired surface lnish and
integrity requirements must be answered. Additionally, the economics of the process must
be justified, which requires a betler understanding of tool wear patterns and Life

predictions. The potential economic benefits of hard tuming can be offset by rapid tool



wear or premature tool failure if the brittle cutting tools required for hard turning are not
used properly. Even steady, progressive tool wear can result in significant changes in
culting forces. residual stresses, and micro-structural changes in the form of a rehardened

surface layer (often referred io as white layer) [3].

The machining of hardened steel is almost always cited in litcrature using dry
cutting, because the increase of the tecmperature makes chip deformation and shearing of
the hardened malerial, casier. Meveriheless, high temperalurcs cause an inconvenicice
such as workpiece amendment, which affects dimensional and geomeitic accuracy and
runs the risk of surface integrity, On the other hand, in complete absence of coolant, chip
transporlation causes an increase of toolchip and tool-workpiece friction, as a result
increased cutting force as well as abrasive wear and anrition. Currently. this problem is
tried to be controlled by reducing heat peneration and removing heat from the cutting zone
through optimum selection of machining parameters, proper sclection and application of
cutting Nuid. Some recent techniques have enmabled partial control of the machining
temperature by using heat resistant tools like coated carbides, CBN ete. Neverheless, the
drive to minimize the use of coolant whenever feasible has advantaged hard wming which
has been success[ully performed. Now a days. due to technological innovations, machining
without cutting Muid, i.c. dry cutting, is already possible, in some situations. During dry
cuiting operations, the friction and adhesion between chip and tool tend to be higher,

R

which causes higher tempcrature, higher wear rate and, consequently, shorter tool life.

During hard turning. generated heat is mainly dissipated in the chip and in the
workpiece, a rather small part of heat flows 10 the tool. However, the highesl wemperature

is obtained at the tool—chip interface that leads to diffusion wear and culting edge
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deeradation. The heat generated usually alicrs the microstructure of the alloy and induces
residual stresses. Residual stresses are also produced by plastic deformation without heal.
Heat and deformation generate cracks and micro structural changes, as well as large micro

hardness variations.

Applving cutling Duids in the metal cutting process is the most commaon stralegy
o improve tool life, product surface (inish, size accuracy and make chip-breaking and
chip-transport easier. The conventional cutting fluids wtilized in machining cause several
negative effects, since these fluids can seriously damage human health and envirenment,
Environmental concems have become increasingly important to production processcs,
allicd with their economic and technelogical aspects. These combined factors have driven
the industrial sector, research centers and universitics to investigate alternative production
processes, to creatc rechnologies that minimize or avoid the production ol environmentally
aggressive residues. Large quantities of emulsion-based cutting Muids for machining arc
still widely used in the metal working industry, generating high cosis of consumption and
disposal and affecting the environment. The increasing need for environmentally friendly
production techniques and the rapid growih of cutting [uid disposal costs have justified
the demand for an altemative to machining processes using fluids [4, 5]. Over the last
deeade, however, the goal of research in this field has been to restrict as much as possible
ihe use of cooling Muids and/or {ubricanis in metal-mechanical production processes. The
eronomical and environmental concerns on the use of cutting fiuids lead to the rescarch of
near dry machining scveral vears ago [6, 7]. Near dry machining refers to the usc of a
small amount of cutting fluid. typically in the order of 100 ml/hr or less, which is about

ten-thousandth of the amount of cutting fluid uscd in flood-cooling machining [8, 9]. The



concept of near dry machining is based on the principle of less lubrication with dry surface
after the machining process. This is the minimum quantity Jubrication required in the
machining process. Therefore, near dry machining is also recognized as minimum quantity

lubrication (MQL) machining.

Minimal quantity lubrication (MQL) is a method of supplying lubrication in
Imach’ming to achieve both environmental and economical bencfits. Typically, an MQL
sysiem supplies 0.3 ~ 0.5 ml/min of a metal working fluid (MWTF) with pressurized air or
other supplemental gases, whercas a conventional sysicm supplies about scveral thousand
ml/min of MWF. The conventional Mood supply system demands more resources for
opcration, maintenance. and disposal, and results in higher environmental and health

problems, MQL machining has many advantages in this regard [6, 10, 11].

Minimum  quantity lubrication (MQL) system has long been employed
successully in various metal curting, sawing and shaping processes. This system employs
mainly cutting [luids that are non-soluble in water, especially mineral oils. Due to the very
small amounts of cutting fluids used, one must consider that the costs should not prevent
the use of high technology compositions in the field of additive oils. Vegeml-based
malerials are being increasingly used. According to Heisel et al. [12], these ails, inhaled in
the form of aerosol, reduce ihe health hazard factor. Over the years sevcral researchers
have employed minimum quantity of lubricants in machining and grinding of steels and
advanced materials and reported that if cmployed judiciously and effectively, minimum
quantity of lubricants can effectively combat the high cutling temperature inherent in high

production machining and grinding [12-16].



Machining of hatdened steel and other difficult-to-cul matetials requires instant
heat transfer from the cutting edge of the tool 1o improve tool life. Supply of cutring Muid
often provides the best answer. Machining by MQL condition has been widely used on so-
called “hard to machine materials™ such as high-temperature alloys like hardened stecls
and titanium. These materials cannot be cut effectively without cooling, cven though dry
cutring is becoming increasingly widespread. The use of cryogenic coolant easily reduces
cutting temperature and chip load, pravides improved tool life and surface finish as a result
increase all the machinability indices. But the use of cryogenic coolant is limited due to the

high cost and dilTicult handling of eryogen.

The knowledge over the performance of cutting fluids when applied to diflerent
work materials and operations is of crucial importance in order to improve the clficiency
of most conventional machining processes. This efficiency can be measured, among other
paramelers, through cutting tool life and workpiece surface Mnish. However, the costs
associated with the purchasc. handling and disposal of cutting fluids arc leading to the
development of tool materials and coatings which do not require their application. In this
work, the performance of three types of cutting fluids (two emulsions and ene synthetic
Muid) will be compared to dry curling when continuous turning hardencd AIS] 4320 steel
using coated carbide inseri (SMNG-TN 4000). The following parameiers will be
evaluated: curling temperature, chips form, tool wear mechanism, surface finish and

dimensional accuracy.



1.2  Survey of the Previous Work

Until now, ample research and investigations have been done in different parls of
the world on machinability of differem materials mainly in respect of chip morphology,
cutling temperature, cutting forces, chip tool interaction, tool wear and tool life, surtace
intcprity and dimensional accuracy with and without (dry machining) using curing fluids.
Environmental pollution arising out of conventional cutting fluids application has been a
serious coneern of the modern machining industrics. Ressarch has also been initiated on
control of such pollution by minimum gquantity lubricant (MQL.) and their technological
efTects particularly in icmperature intensive machining and grinding. A brief review of
some of (he interesting and impornant contributions in the closely rclated areas is presented

in this section.

This chapter is intended to provide background information relevanl to this
research. Because hard turning requires advanced cutting tool materials, descriptions of
several candidate materials are presented with arguments for or against their selection for
machining hardened stcels. Next, a brief introduction to tool wear 15 given. After the
intreductory material, recent rescareh in hard turning is reviewed so thal the importance of
this research in the context of other work will be evident. The lilcrature review is
catcgorized into the following arcas: machine tool requirements, dimensional accuracy.
chip formation mechanism, surface integriry, effects of surface inteyrity on performance

and loo] wear,



1.2.1 Hard Turning

The manufacture of a product had been atlempled to be dome as rapidly and
inexpensively as possible. Now that more environmental regulations are being put in place,
manufaciurers are forced o re-cvaluate their manufacturing processes and reduce or
eliminate their waste steeams. The waste streams present in machining include cuting fluid
flow, chip flow, and cutting tool usage. The machining temperature could be reduced to
some extent by improving the machinability characteristics of thc work material and
sutface integrity minimized by optimizing the tool geometry and by proper sclection of the
process parameters. Hard rurning of machine pars is a production process that holds
considerable promise for the future since it is an effective means of increasing
productivity. Tn reccnt years hard (uming become an attractive and effective solution of
(inish machining process because it has many advantages, such as higher flexibility,

shorter cycle times, lower cost, and a higher material removal rate [17].

Precision hard turning applications have increased drastically in manufacturing
industry because it poteniially provides an alernative to conventional grinding in
machining hardened components. This new lechnology significantly reduces the
production time, tooling costs and the capital investment {18]. especially for low valume
production. Koning [19] also presented (hat turning of hardened steels have been an
atiractive alternative to vostly, yet environmentally harmful, geinding processes, Benefits
of hard tuming over grinding have been veported including short cycle time, process
Mexibility, pad longevity, and less cnvironmental impact. Scientific and engineering issues
of hard- tuming, been frequently investigated, range from cutling mechanics, tool wear

surface integrity, to part accuracy [20].



Tonshoft et al. [21] found numerous advantages to replacing grinding with hard
turning operations. Even though small depths of cut and feed rates are required for hard
turning, material removal ratcs in hard turning can be much higher than grinding for some
applications. It has been estimatcd that resulting reduction in machining time could be as
high as 60% [22]. This would facilitate flexible manufacturing systems and reduced batch
sizes, which are becoming more important in industry. Aside from decreases in machining
time, a reduction in the number of required machine tools may also be observed as a result
of the increased [lexibility of the tuming process as compared to grinding [E9, 21]. A
teduction in the number of machine tools would also be likely 1o reduce part handling
costs and the cost associstcd with multiple operators and machine setups. Another cost and

environmental advantage of hard turning is the possible eliminatien of cutting coolant.

Tt scems obvious that hard turning is an altractive replacernent for many grinding
operations, bul implementation in indusiry remains relatively low, particularly for critical
surfaces. This is because hard turning is a relatively new processing lechnique, and several
questions remain unanswered. lfard wming can influence the workpicce surface
microstructure by generating undesirable residual stress patterns and  over-hardened
sutface zones that are referred to as “while layers™ [22, 23). The cause and effect of these
residual stress parterns and while layer generation are not fully understood. Also, because
cutting tools required for hard turning are much more expensive than tools for
conventional turning, ool life must be investigated to assure the economic justification [or
replacing grinding operations with hard turning. To become & realistic replacement for

many grinding operations, hard furning must prove its ability (o creaic equivalent lnished
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surfaces. Geomeiric tolerances must be heid, and undamaged surfaces that conform (o

surface roughness requirements musl be generated.

Auschner [24] and Konig et al. [23] have shown that under ideal conditions, part
geometry and surface finish comparable to those generated by grinding can be hard wrned
with extremely rigid machine iools and new cutting insert matcrials. However, with less
rigid machincs and improper cutling conditions, tool wear becomes gxcessive and
climinates any cost savings associated with hard (umning. Worn cutting tools have also
been found to increasc the magnitude of surface damage observed on hard turned
components. While layer and residual tensile siresses have been found to exist, and are
expected 1o reduce fatigue life. However, Abrao and Aspimwail [25] in their research
comparing the fatigue lives of hard iurned and ground surfaces found the hard turned
surfaces to have increased lives despite the existence of brittle white layers. Compressive
stresses have also been found on hard turned surfaces that improve fatigue lives [26, 27]
Thicle et al. [28] rcported that residual stresses on the machined surface are known to
influence the service quality of the component, such as fatigue life and tribological
properlics. and distortion. The profile {magnitude and direction along the depth) of Lhe
residual stresses can greatly enhance or reduce the fatigue life of a bearing. 1t iy believed
that compressive tesidual stresses are more favorable for rolling contact fatigue lite than

lensile residual stresses.

1.2.2 Tool Wear with Heat Resistance Tools

Hard tuming is a turning operation pecformed on high strength alloy steels

(45<1{RC<65) in order to reach surface roughness close to those obtained in grinding.

11



Extensive research being conducted on hard tuming has so far addressed several
fundamental questions concerning chip formation mechanisms, tool-wear, surface integrify
and geomelric accuracy of the machined components, The major consideration for the user
of this relatively newer technology is the quality of the pars produced. A notable
observation is that flank wear of the culting tool has a large impact on the qualily of the
machined parts (surface finish, geometric accuracy and surface integrity). For componenls
with surface. dimensional and geometric requirements (.. bearing surfaces), hard turning
technology is often not economical compared with grinding because tool-lifc is limited by
the tolerances required (i.e. high flank wear rate). Poulachon ct al. [29] present the various
modes of wear and damage of the polycrystalline cubic boron nitrides {PCBN) cutting iool
under different loading conditions, in order to establish a reliable wear modeling. I lank
wear has a larpe impact on the quality of the parts produced and the wear mechanisms
have to be understood to improve the performance of the tool material, namely by reducing
ihe flank wear rate. The wear mechanisms depend not only on the chemical composition of
the PCBN, and the nature of the binder phase, but also on the hardness value and above all
on the microstructure {percentage of maricnsite, type, size, composition of the hard phases,

etc.) of the machining work material.

The potential econemic bencfits of hard turning can be offset by rapid 1ool wear
ot premature lool failure if the brittle culting tools required fot hard turning are net used
properly. Fven steady, progressive 100l wear can result in significant changes in cutting
forces. residual stresses, and microstructural changes in the form of a rchardened surface
layer (olien referred to as white layer). Research in this area has oficn focused on the

choice of appropriate cutting tool materials, with results typically indicating that CBN
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tools perform betier than carbides or alumina based tools [17, 30-32]. Under proper
conditions, CBN tooling can easily pay for its cxpensive initial cost with substantial tool
life. However, short tool life is not the onty result ol rapid tool wear. Flank wear has been
found o be the most significant factor affecting the depth of while layer {33]. Similar
detrimental efTects on residual stresses and white layers have been found by others [17, 22,
25, 34]. Thus, even acceptable wear rates can lead to tools that produce unacceptable
surface inicprity, Without a better understanding of the wear behavior of CBN taols and
the effects of worn tools on workpicee surface quality, implementation of hard tuming will

remain limited.

High fexibitity and the ability to manufaciure complex workpiece geometry in a
single step represent the main advanlage of hard turning in comparison to grinding,
Furthermare, 1.iu and Mitial [35] concluded that the substitution of the grinding processes
with hard turning enables the avoidance of coolanls and it is a green machining
lechnolopy. Despite these advantages, not many developments have been sces in recent
vears. There has been very little rescarch to help to understand the interaction between the
workpiece hardness and PCBN tool under comfortable cutling condition [36]. Udea et al.
[37] investigaied the influence of the culting temperature and the workpiece material of the
cutting edge. From two-color pyrothermal radiation of the (ool conducted through a hole of
an internally lurned tube, it can be clearly stated that (he lemperature increases wilh the
cutting speed and with the hardness of the work piece. Elbestawi ct al. [38] experimentally
tound that the cutting performance of PCBN tools during the high speed linish milling of
H13 ool steel of hardness up to HRC 55 their cxperimental resull show that the wear on

high CBN tools decrease as ihe workpiece hardness increase, Ileming and Valentine [39]
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estimaicd that the self induced heat geperation at the cutling zone is up in the range of 650-
750°C, and is chough to reduce the hardness of the matcrial in contact with the cutting
tool. The heat induced soft cutting means that the PCBN is not in contacl with the
workpiece in its hard state, thus giving the PCBN a longer tool life compared with that of
other culting malerials. Liu ct al. [40] showed thai, the changing role of cufting
temperature is not in accord with the Lraditional metal cutting theory. When the workpiece
material hardness is HRC 50, the cutting temperature is oplimum. With further increase in
the workpicee hardness, the cutting temperature shows a descending tendency. Again it is
found that the cffects of cutting speed on the PCBN tool are much less than the carbide

too] and the ceramic tool.

Balzers [41] showed about 0% of zll machining operations arc now performed
with coated 1o0ls, Among the coating systems available on the market, titanium-based hard
thin films have found the widest acceptance. They tend to improve the wear resistance in
many cutting applications [42, 43), by reducing friction, adhesion, diffusion and to relieve
thermal and mechanical stresses on the substrale. Grresik [44] swudied the culling
mechanics of various coaled carbide tools. He shows that depending on the coating. the
tool—chip contact area and the average temperature at the tool-wotkpiece interface are

madilied, without proving that coatings are able (o insulate the substrate.

According lo Ko nig et al. [30], for tarning hanlened steels, cutting tools must be
made of materials which fulfill the following requiremenis: high degree of hardness at low
and high temperatures: high transverse rupture strength (higher than 350 N/mm2); high
toughness; high compression strength, high resistance to thermal shock and high resistance

to chemical reactions. Tonshoff and Amor [45] observed that the improved hard tool
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materials like PCBN, uncoated carbide, ceramics, and more rigid machine tools provide
high [lexibility and ability to manufacture of complex workpicee geometry in a single siep
which also represents the main advantage of hard turning. lurthermorc, the hard turning

enables (he avoidance of coolants &nd it is @ green machining technology.

Machining hardened steels using advanced tool malerials, such as PCBN, or with
multilayer coated carbide tools at high culling speeds has certain advantages compared to
the traditional machining sequence of processes, i-¢.. sofl machining, heat treatment and
grinding. Lower cutting force, residual stress, reduced cycle time and mainly low energy
consumplion, are some of thosc advantages, [46-48]. According to Ezugwu et al. [49] and
Coelho et al. [50], PCON tools offer excellent performance when machining hardened
steels: however, their costs are still relatively high. Therefore, it becomes interesting some
studies on machining hardened steels using multilayer-coated carbide tools, which appear
to be the best choice for carbide. This work assesses some aspects of tumning hardened
ATST 4340 (48-30HRC) using TICN-AI203-TiN. Some heat also arises on the tertiary
zong, where the tool relief face slides on the newly machined surface. This last source s,
however, nol considered in most cascs, cither for simplicity, or because the heat gencrated
is very small when using sharp cutting edges. The heat generated in thosc zones is
distributed among the tool, the workpiece, the chip, and afier that to the environment. Heat
generated at the shearing plane can make the cufting action casy, but it can Now into the
cutting edge and that will negatively aftect tool life by shortening it. In general, the most
important point in machining processes is the productivity, achieved by cutting the highest
amount of malterial in the shortest period of time using ools with the longest lifietime.,

Combining all the parameters involved in the machining process to maximize productivity



is, nevertheless, a very complex task and becomes much more difficult when working at
high speed cutting in hardencd swels, In general, when machining steel with coated
carbide tools different tool wear mechanisms occur, such as: abrasion, adhesion, oxidalion
and even some diffusion, which 2ot simultaneously and in proportions depending mainly

on the icmperature, [51].

Machining of hardencd steel components using geometrically defined curling
tools have been researched by [19] and developed to replace some grinding operations that
are costly, yel degrade the environment duc io coolant needed in prinding. Ceramic
malerials with high hardness, in particular, cubic boron nitride (CBN). have been
employed in machining hardencd steel |22, 24). Even though there have been reports of
successful cxamples of using CBN wols for hard tuming, the practices in the industry arc
still not widespread. One challenge is wol and work material sclections at different
conditions, e.g. continuous versus intermittent cutting. CBN tool materials have different
compositions and can be significantly different in performance. High CBN content tools
with metallic hinder (CBN-H) arc recommended for roughing, but low CBN content tools
with ceramic binder {CBN-L} arc more appropriate for finishing. Furhermore,

microstructures of the work material can also remarkably atfect the hard turning process.

In hard turning. Frederick Mason [52] conclude that the lemperatures generaled
by the cuiling speeds of today's advanced tooling can aciually prevent low pressure Tlood
coolant from entering the cutting zone. The majority of the cooling and lubricating aspects
of a flond coolant stream are lost as the coolant is vaporized prior o entering the cutting

Zone.
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Anciro et al. [53] stated that by measuring the temperature undemeath the carbide
insert and using the gradient to calculate values near the rake face, in real machining
eonditions, has shown reasonable values. Some resulted relatively low, compared 1o some
other previous works, although within the same range. Temperature near the rake face
increases significantly when the doc changes from 0.2 to 0.4 mm. The increase in conlact
length between chip and rake face can be responsible, since it grows, together with uncut
chip cross section. The results obtained. show that only the doc is significant within 93%
confidence interval, for the temperature, in the range tesied. Tool life was particularly
long for the coaled carbide tested, yielding around 7,000 m of cuiting length with
relatively low flank wear. If that is compared to PCBN tool at similar cutting conditivns, it
is about half tool life, but PCBN prices are, probably, more then iwice coated carbide
price. Surface roughness values were all below 0.9 mm Ra and at the besl curting
conditions, it could be kept below 0.4 mun Ra. Those values are inside the range normally

obtained by grinding operations at normal cutling conditions.

1.2.3 Surface Integrity during Hard Turning

A large oumber of theoretical and experimental studies on  surface
roughness of hard tumed products have been rcpored. These studics show that
culling conditions such as cutling speed, feed rate, depth of cul, lool geometry, and
(he material properties of both the tool and workpiece significantly influence surface
fnish of the machined parts. [n some studies, roughness has heen mcasured directly
with a stylus to obtain the surface profile. Thus, a stylus can be used for in-process
measurement [54]. However, use of a stylus results in destruction of the sensor head

due to high surface speeds of the workpiece. Tracing has also been accemplished
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by using a vibratory stylus [55] Real-time measurcment of roughness implies
assessing the conditions of the workpicce just behind the cutting edge of the lool,
Surface inspection has been conducted typically as a post process opceration, which
is both time consuming and uncconomical since a number of non-conforming parts
can be produced prior to inspeclion. However, since the workpiece rotates at
relatively high speeds in turning operations, in-process measurements should be taken
with non-contact transdusers. Optical reflection has been restricted lo measurements
of relatively smooth surfaces generated by lapping, grinding and other finc
machining. ‘Ihis technique is based on the principle that reflected light from the
relatively smooth surface exhibits an exponential distribution with regard to the
detecting angle. A definite rclation has been found by Sathyanarayanan and
Radhakrishnan [56] between the average inclination of roughness profile and the
surface roughness. providing that a limited range of the [inishing operalion remains

consisient..

Surface properties such as roughness are critical to the funclionality of machined
components. Increascd understanding of surface generation mechanisms can be used to
optimize machining processes and 1o improve component {unctionality. As a tesult,
numerous invesligations have bgen conducted to determing the effect of parameters such
as feed rate, tool nose radius, cutting speed and depth of cut on surface roughness in
mrning operations [57-60]. These investigations show consisiently that the surface
roughness is predominantly a function of the feed rate. Mowever, (hese investigations are
unable to explain and predict the surface roughness at low [ecd rates typical of finish

machining. Because the results from prior investigations of surface roughness do not
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sufTiciently account for the behavior at low feed rales, motivation exists to study the
elMecls of additional faciors largely neglected in previous studies. These factors include the
tool cutting edge geometry and ithe workpiece material properies. The cutting cdoe
geometry, commonly referred to as edge preparation, is particularly significant in finish
turning because the feeds used for finish cuts are often of the same order of magnitude as
the edge geometry. Therefore, much of the tool-workpicee interaction occurs along the
cuting edge. Workpiece properties arc sighificant because the plastic deformation of the
workpiece contributes 10 the surface generalion process and these properlies can be
modificd (0 vary the plastic deformation characteristics. Hard turning serves as an ideal
process to examine the effects of workpicce properties and tool cdge geometry on the
surface roughness and on additional responscs such as the cutling forces. Workpicce
properties such as hardness are significant in hard turning because this process is defined
by a characieristic type of chip formation (segmented), resulting typically from the
machining of high-hardness materials [61, 62]. Additicnally, hard turning encompasses a
relatively wide range of workpiece hardness values (45-70 HRC). Cutting tool edge
geomerry is critical in hard turning because tools with superior edge strength arc required
(o withstand the large iool siresses produced. As a result, various types of cdge
configurations such as hones and chamfers are applied to the insert [19]. Furthermore,
when hard turning is typically used as a linishing process. the un-deformed chip thickness

is the same order of magnitude as the cutting edge geometry.

In a study related to hard wrning of bearing races, Lin and Mittal [27] found that
the integrity of the hard turned surface is betrer than that gencrated by abrasive super

finishing processes, The microprofile of the turned surface has a lower root mean square
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surface roughness for equivalemt average surface roughness. Rech and Moisan [63]
presented that finishing cutling processes, such as grinding ot hard turning, have a great
influence on the surface integrity, because of the thermomechanical malerial removal
mechanisms, The hard turning process is iniercsting with regard (o ils capacities to
produce a low surface roughness (Re is Jess than 0.2 pm) during a long cutting tume and
also to mduce compressive residual sircsses when machining at low feed rate and low
cutting speed. Feed rate is the major parameter that influences the surface roughness,

whereas cutling speed is the major parameter that influences the residual stress level,

Thiele and Melkote [26] published the results of an investigation concerning the
effect of curling edge geometry and workpiece hardness on surface generation in finish
hard turning. They found that increasing the edge hone radius lends to increase the average
surface roughness. They attributed this to the increase in the ploughing component
comparcd 1o the shearing component of deformation. The etffect of edge hone on Lhe
surface roughness decreased with increase in workpiece hardness. However, Thiclc and
Melkote did no refer to the eMect of edge hone when tool wear starts to occur, Elbestawi
and Kishawy [38] published in 1999 their conclusions regarding the clfects of process
paramelers on material side flow during hard tuming. They noted that even a small feed
should improve the surface finish, it could actually lead to more matcrial side Now on the
machined surface and hence, to a deterioration of the surfacc quality. In addition
increasing the tool nose radius led to ploughing of a larger part of the chip, hence, a severe
material side flow exists on the machined surface. Their experiments were carrted out on
bars of carbon nilride case hardened siee]l AISI 4615 (60HRC} using BZN 8100 PCBN

curling insers,
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Ko and Kim [64] instigated the surface integrily and machinability in mtermitent
hard turning considering a ball bush made of ALS] 52100 as workpiece. The conclusions
wete that the low content CBN tool is superior to a high content CBN tool in terms of tool
wear and surface integrity for intermittent hard turning. However, they concentrated their
attention on the so-called white layver and the characteristics of the residual stresses. Not
many authors specifically concentrated their rescarch on the cffcct of tool wear to surface
roughness evolution in hard turning. Their findings and area of investigation are still

reduced to a restricted number of machining conditions,

Cl-Wardany ¢t al. [65, 66] studied the quality and integrity of the surface
produced and the effects of cutting parameters and 100l wear on chip morphology during
high-speed turning of AIST D2 cold work toel steel in its hardened state (50-62 [TRC). The
metatlographic analysis of the surface produced illusirates the damage surface region that
contains geometrical defects and changes in the sub surface metallurgical structure. The
types of surface damage are dependent on the cutting parameters, tool geometry and the
magnitude of the wear lands. Kishawy and Elbesawi [67] investigated the tool wear
characteristics and surface inteprity during high-speed turning of AISI D2 cold work tool
sieel. A wide range of residual stress distributions bencath the machined surface was
ohtained depending on the culting parameters and edge preparation. The unfavorable

tensile residual stresses were minimized at high cutting speeds and high depths of cut.

Hard turning is also very attractive lo manufacturers because (his process is
possible without the use of cutling fluid or other lubricants. Dry cutting is beneficial
because of the elimination of the cost of the cutling fuid as well as the high cost of fluid

disposal [68]. As the environmental impact of manufacuring processes is under more
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scrutiny today (han ever, manufacturers may find it advantageous to use dry cutting

processes |69].

In hard tumning, cutting forces and heat generation are higher in hard turning since
cutting speeds are relatively low, a greater fraction of the heat generated during
chip formation will be conducted into the part. Coolants are often not used in hard
turning in order to reduce costs and to prevent tool breakage from thermal shock,
According to Reach and Moisan [63] finishing cutling processes, such as grinding or hard
turning. have a great influcnce on the surface integrity, because of the thermomechanical
material removal mechanisms. The hard turning process is intercsting with regard (o its
capacities to produce a low surface roughness (Ra< 0.2 pm) during a long cutting time and
also to induce compressive residual stresses when machining at low feed rale and low
cutting speed. Feed rate is the major parameter that influences the surfuce roughness,

whereas cutting speed is the major parameter that influences the residual stress level.

1.2.4 Hard Turning with MQL

Machining is inherently characterized by gencration of heat and high cutting
temperamire. At such elevated temperature the cutting tool if not cnough hot hard may lose
their form stability quickly or wear out rapidly resulting in incrcased cutting forces,
dimensional inaccuracy of the praduct and shorer ol life. The magnitude of this cutling
tempetature increases, though in different degree, with the increase of culling velocity,
feed and depth of cut, as a result, high production machining is constrained by tise in
temperaturc. This problem increases further with the increase in strength and hardness of

the work matcrial.
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Vleugels et al. | 70] observed ihat the contact lengih between the tool and chip has
a direct influence on the cutting temperaturcs and the amount of hcat energy that is
dissipated in the tool which ¢nhances thermally activated chemical wear. Maximum
temperaiure is found to develop on the rake face of the lool. at a certain distance from the
cutting edge, where crater wear occurs. The amount of energy dissipated through the rake
face of the tool also raises the temperature at the flanks of the iool. Reed et al. [71]
reparted that the hardness, plastic modulus and the fracture toughness of the Lool decline
with increase in cumng temperature, which accelerates tool wear rate. Moreover, thermal
stresses in the tool increase with the temperature resulting in more cracks in the tool and
premature failure of the tool, The high cutting temperature also causes mechanical and
chemical damage of the [inished surface, Machining involves extensive plastic
deformation ahead of the tool in a narmow shear zone and friction between the rake face
and the chip; high teol temperatures, freshly generated, chemically active surfaces that can
interact extensively wilh the tool material and high mechanical and thermal stresses on the

tool [72].

The current trend in machining practice is higher material removal rates and or
higher cuiting speeds. The cutting tool must resist these severe conditions and provide a
sufficiently long economical toel life. Oflen, a cutling fluid is used (o reduce the tool
temperatures by cooling and reduced the heat penerated due to friction by acting as a
lubricant. Tn high spced machining conventional types and methods of application of
cutring Muid have been found to become less cffective. With the incrcase in cutting
velocity and [eed, the cutting fluid cannot properly enter the chip-toel interface to cool and

lubricate due 1o bulk plastic contact of the chip with the tool rake surface.
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Usually the high cuiting temperature is controlled by profuse cooling [73-75]. But
such profuse cooling with conventional cutting fluids is not able 10 solve these problems
fully even when employed in the form of jel or mist. With the advent of some modern
machining process and harder materials and for demand for precision machining, the
control of machining temperature by more effective and cfficient ceoling has become
extremely essential. Generally, suitable culling fluid is employed to reduce this problem
through cooling and lubrication at the cutting zene. But it has been expericnced [76] that
lubrication is ctfective at low speeds when it is accomplished by diffusion through the
workpiece and by forming solid boundary layers from the extreme pressure additives, but
at high speeds no sufTicient lubrication effect is evident. The inelfectiveness of lubrication
of the cutting fluid at high speed machining is allributed |77] to the inability of the cutting
[uid to teach the actual cutling zone and particularly at the chip-tool interface duc to bulk

or plastic contact at high cutting specd.

Enormous efforts lo reduce the use of lubricant in metal cutting are being made
from the vicwpoint of cost, ecological and human health issues [6-7, 78-79]. Minimal
quantity lubrication (MQL) can be considered as one of the solutions to reduce the amount
of lubricant. Again Concem for the environment, health and safety of the operators, as
well as the requirements (o cnforce the environmental protection Jaws and occupational
safety and health regulations are compelling the industry to consider a Minimum Quantity
I.ubricant (MQL) machining pracess as one of the viable alternative instead of using
conventional cutting fluids. In some applications the consumption of cutting fluids has
been reduced drastically by using mist lubrication, However, mist in the indusirial

cnvironment can have a serious respiratory cffect on the operator [80]. Consequently, high
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standards are being set to minimize this effect. Use of cutting fluids will become more
expensive as these standards are implemented leaving no alternative but to consider

environmentally friendly manutacturing.

An experiment was preformed in the arca of hard wrning ATST 4340 with 2 ml‘hr
il in a [low of high pressure air at 20 MPa by Varadarajan ct al. 181] It was found that
curting under near dry lubrication had beiler performance than that in dry or wet cutting in
lerms of cutting forces, culling temperatures, surface roughness, tool life, cutling ratio and
tool-chip contact length, Lower cutting forces, lower cutting tempcratures, better surface
tinish, shorter tool-chip comact length, larger cutting ratio and longer ool life were
observed in near dry turning compared with those in dry or wet cutting. The meihod to
estimate the cutling temperaiure was also provided but there was not any comparison

berween predicted culting temperatures and measurcments,

Apart [rom the cost aspects, Heisel ct al. [82] found that cutting fluids represents
a serious problem to the preservation of the environment and to human health. Therefore,
Minimum volume of oil (MCV) technique may represent a compromise between the
advantages and disadvantages of completely dry cutling and cutting with abundant soluble
0il. MV(Q is a lechnique, which consisls of the application of a very small volume of
cutting oil (usually less than 100 ml/h), in a flow of compressed air. This small amount of
oil, most of the time is enough to substantiaily reduce friction and 10 avoid the adhesion of
the chip on the lool. When abundant cutting fluid is used, the machined surface is Mooded,
while when MVO is used the lubricant is placed just in the contaci arca of the tool-chip
and tool-workpiece. In this technique, the lubrication function is carried out by the oil and

cooling is provided mainly by compressed air. Comparing the above to wet cutting, Heisel
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et al. [83], pointed out some advantages: (a} the amount of fluid used is much lower; (b)
reduction of costs with oil maintenance, recycling and rejection; {c) the workpicces remain
alinost dry, eliminating washing operation; (d) the low content of oil which stays on the

chips makes their drying unnecessary.

An expetiment was done 1o investigate the effects of oil-water combined mist on
turning stainless stcel with the use of 17 ml/hr oil and 150 mlhr water mixture [84]. The
use of oil-water combined mist could prevent the production of built-up edge (BUE} while
BUE was ohserved when cutting dry or with oil mist. Therefore the workpiece surface
finish under oil-water combined mist was better than that under dry, oil mist or water
soluble oil applications. Lower cutting lemperatures were also obscrved with the use of
oil-water combined mist compared to cutting dey or with oil mist. Diniz ct al. [83] applied
10 ml/hr oil in turning AISI 52100 steel with CBN tools. The supplied air pressure was 4.3
bars. According to the experimental data, the following conclusions were drawn. (i) Diry
and near dry machining had similar performance in terms of CEBN tool Mank wear, always
beder than the tool life under flood cooling. (i) The workpiece surface roughness

measured in near dry cutling was close to that obtained from dry culting.

When turning AJSI 1040 steel the influence of near dry lubrication on cutting
temperature, chip formation and dimensional accuracy was investigated by Dhar et al.
|15]. The lubricant was supplied at 60 mlhr through an external nozzle in a fow of
compressed air (7 bar). Based on the machining tests, the authors found that near dry
lubtication resulted in Jower cutling temperaturcs compared with dry and [lood cooling.
The dimensional accuracy under near dry lubrication presented a nolable benefit of

conlrolling the increase of the workpiece diameicr when the machining time elapsed where
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tool wear was observed. Dimensional accuracy was improved with the use of near dry

lubrication due to the diminution of tool wear and damage.

The effects of cutting fluid on tool wear in high speed milling were studied by
l.opez el al. [86]. Doth near dry lubrication and flood cooling were applied when cutting
aluminum alloys. In addition o experiments, they also performed computational fluid
dynamics {CF12) simulations for estimating the penetration of the cutting fluid to the
cutting zonc. The oil Aow rates of 0.04 and 0.06 ml/min were studied. The pressurized air
was applied at 10 bars. The results showed that (i) with the help of compressed air, the oil
mist could penetrated the cutting zone and provide cooling and lubricating while the CFD
simulation showed that the Mood coolant was not able to reach the tool lecth; (it) the
nozzle position relative to feed direction was very important for oil flow penetration
oplimization, Sasahara el al. [87] reported that in the case of helical Teed milling for boring
aluminum alloy. cutling forces, cutling lemperature and dimensien accuracy under near
dry lubrication were close to those under flood cooling condition. Rahman et al. {9, 88]
performed experiments in end milling with the use of lubricant at 8.5 mlhr oil flow rate.
I'he oil was supplied by the compressed air at (.52 MPa. The workpiece malerial was
ASSADB 718111 steel. The cxperimental results showed that: {1} tool wear under near dry
lubrication was comparable 10 that under flood cooling when cutting at low Teed rates, low
specds and low depth of culs; (2) the surface finish generaled by near dry machining was
comparable to that under flood cooling; (3) cutting forces weretc!nse in both near dry
machining and flood cooling; (4} fewer burrs fonmed during near dry machining compared
to dry cutting and flood cooling application; (5) the tool-chip interface temperature under

near dry lubrication was Jower than in dry cutting but higher than that in flood cooling.
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The effect of minimum quantity lubricant on tool life when drilling carbon steels
with high speed stee] twist drills was investigated by Heinemann et al. [89]. The cutling .
fluid flow rate was 18 mlthe. Tt was found that a continuous supply of minimum quantity
lubricant conveved a longer tool life while a discontinuous supply of lubricant resulted in a
reduction of tool life A low-viscous and high cooling-capable lubricant provided a longer
tool life when different lubricants were used for an exlemal MQL-supply in the tests,
Brinksmeier et al. [L4] applied minimum quantity lubrication in grinding. Two different
work materials were used: hardened steel (16MnCr5) and tempered steel (42CrModV).
lhe minimum quantity lubrication was implemented under 0.5 mlmin oil flow rate and 6
bar pressurized air. With reference to the grinding tests, the following results were
observed: (1) both dry and near dry grinding would cavse thennal damage on the hardened
martcrial with the creep feed prinding operatton; {ii) acceptzble surface finish was obuained
under minimum quantity lubrication it the material removal ratc was low; (ii1) the type of
lubricant used in minimum lubrication had a significant influence on the surface {inish.
The analysis of the cooling effect of cuiting fluid for both minimum quantity lubrication
and flood cooling was also presented. However, there was not a comparison between

predicted and measured culting temperatures

ltoigawa et al. [90] investigaled the effects and mechanisms in minimal guantity
lubrication by use of an inlermiticnt turning process ol aluminum silicon alloy. Especially
a difference between minimal quantity lubrication (MQL) and MOL with water is
inspected in delail to elucidate boundary film behavior on the rake face. He concluded that
MOQL with water droplets gives good lubtication performance if the appropriate lubricant,

such as synthetic ester, is used. MQL with synthetic ester, without watcr, shows a
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lubrication effect. However, tocl damage and material pick-up onto the teel surface camnot

be suppressed.

1.2.5 Summary of the Review

A review of the litcrature on machinability of different commercial hardened steel
shows that several researchers highlights the economic justification for replacing grinding
opotations with hard turning. lo become a realistic replacemeni for many grinding
opetations. hard turning must prove its abilicy to creale cquivalent [inished surfaces. Hard
turning of machine parts is a production process that holds considerable promise for the
future since it is an effective means of increasing productivity. ln recent years hard
turning has become an atractive and effective solution of finish machining process
because it has many advantages, such as higher process flexibility, shorter cycle times,
lower cost, higher material removal rate, part longevity, and less environmental impacl.
Again this new technology significantly reduces the production time, tooling costs and the
capital investment. The ultimate aim of hard turming is to reduce force, tempetature, tool
weat. tool life, quality of surface wrned, and amount of material removed are also

predicted.

According to the rescarchers for tuming hardened stecls cutting tools plays very
important role. The machining of hardened materials has become possible due to the
develepment of a new generation of too! materials and machinc wols. The tuming of these
materials demands the use of cutting lools with a high degree ol hardness, mainly at high
temperatures, and also the use of machine tools with high rigidity and very good accuracy.

The principal properties expected from any tool marerial are high hot hardncss, toughness
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and chemical stability. For machining hardened sieels advanced ool materials. such as
cubic boron nitride (CBN), polyerystalline cubic nilride (PCBN), or with multilayer coated

catbide tools are used.

Through reviewing the literature It is investigated that the control of machining
temperature and its detrimental effects. 1t is realized that the machining temperature has a
critical influcnce on chip formation mode, tool wear, ool life, surlace roughness and
dimensional deviation. All these responses are very important in deciding the overall
performance of the tool. At the elevated temperature the cutting tools may undergo plastic
deformation and attain rapid tool wear because by adhesive, abrasive, chemical and
diffusion wear at the flanks and the cratce. The dimensional accuracy and surface integrity
of the workpiece also deleriorate due to high temperature. The conventional cutting fuids
arc not that effeciive in high speed machining particularly in continyous cutting of
malerials likes steels. Furlher the conventional cutting fluids are not environment friendly.
The disposal of the cutiing [uids often leads ie local water pollution and soil

contamination. Reeveling and reuse of conventional cutting fuids are further problems.

Minimum quantity fubricant (M(QL) is a promising new technology in high
production machining and grinding, which economically addresses the current processes’
environmental and health concerns. Tn this process the minimum quantity lubrication
(MQL) is impinged through a nozzle preciscly at the narrow cuiting zone with a spray of
air and cutting oil. Significant progress has been made in dry and semidry machining
recently, and minimum quantity lubrication (MQL) machining in particular has been
accepled as a successful semidry application because of its environmentally friendly

characteristics.
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Completely dry culting has been a common industry practice for the machining of
hardened steel pams. These parts typically exhibit a very high specific cutting encrgy.
Traditional beliels indicate that completely dry culting of them, as compared to flood
cuiting. lowers the required cutring force and power on the part of the machine tool as a
result of increased cutting temperature. However, achievable tool life and part finish otten
suffer under completely dry condition. Thercfore, the permissible feed and depth of cut
have o be restricted. Under these considerations, ihe concept of minimum quanticy
Jubrication (MQL) presents itself as a possible solution lor hard turning im achieving slow
too! wear whilc mammining cutting forces/power at reasonable levels, provided thal the
minimum quardily lubrication parameters can be strategically tuncd. Minimum quantity
lubrication {MQL) presents itself as a viable alienative for hard machining with respect to
tool wear. heat dissertation, and machined surface quality. In different research the
researchers compare the mechanical performance of minimum quantity lubrication (MQ1.)
1o completely dry lubrication for the tumning of hardened steel maicrials and examine the
tool temperature, white layer depth, and pan finish. The results indicatc that the use of
minimum quantity lubrication leads to reduced surface roughness, delayed 1ool tlank wear,
develop tool life and lower cutting temperature, while also having a minimal effect on the

curling forces.

1.3 Objective of the Present Work

It is very straightforward from the previous literature survey that minimum
quantity lubrication (MQL) can contro! remarkably the cuming temperature as compared to

dry machining. MQL. assistcd hard turning has been widely vsed, because of high cutting
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temperarure generated during machining not only reduces tool life but also impairs the
product quality. The temperature becomes more inlcnsive when cutling velocity and feed
arc increased for higher MRR and the work malerials are refatively difficult to machine for
their high strength, harden ability and lesser thermal conductivity, These materials cannot
be cul effoclively without cooling, even theugh dry cuting is becoming increasingly
widespread. Cuiting fluids are widcly used to reduce the cutting temperature as well as
reduce Torce and surface integrity. In this regand, it has alrcady been observed throwgh
previous research that proper application of MQL may play vital role in providing not only

environment [Hendliness but alse some techno-economical benefits.

The main objeciives of the present werk is to conduct an experimental
investigation on the role of three lypes of cutting Fluids (soluble oil, vegetable oil and VG
68 cutling oil) in continuous turning of hardened AIST 4320 stee! using coated carbide
insert on the major machinability characteristics in respect of

i chips form {chip shape, chip color and chip thickness ralio)

ii. cutting temperaturc

iii.  lool wear mechanisms

- average principal flank wear (YB)
-  maximum [lank wear {¥M)
- average auxiliary flank wear (¥ 5)

iv.  surface finish (R} and

v.  dimensional accuracy
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1.4 Scope of the Thesis

Application of minimum quantity of lubricants (MQL) is a potential technique
cspecially where the curling temperalure is a major consiraint 1 achieving high
productivity and job quality. But overail economical viability demands that such MQIL.
application docs not affect the esseniially important technological requirements rather
works favorable in respect of cutting power consumption, product quality and tool life.
Keeping that in view, the present research work has been taken up to explore the role of
different cutting fluids on the major machinability characterisiics in turning hardened AISI

4320 steel by coated carbide tool (SNMG 120408-TN 4000) under diffetent conditions.

Chapter 1 presents the general requirements in machining industries, benefits of
hatd-turning over grinding process, role of culling tools and technological-cconomical-
environmental problems associated with the high culling temperature and the conventional
cooling praclices and expected role of minimum quantity of lubricant (MQL) in hardencd
steel. Survey of previous work and cbjectives of the present work arc also presented in

Chapter 1.

Chapter 2 deals with method of heat treatment of the given alloy steel and also
design and development of the minimum quantity of lubricant (MQL) sysiem for the
present work lo enable proper cooling of the curling Zone. Chapter 2 also presents the
procedure and conditions of the machining experiments carried out and the cxperimental
results on the effects of MQL, relative to dry machining on chip morphology, cutting zone

temperature, culting tool wear, surface inlegtity and dimensional deviation in turning
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hardened steel under different cutting conditions. Calibration results of tool-work

thermocouple are also presented in this chapter,

Chapter 3 provides comparisons of curting performance under different curling
environmeni under different curling conditions. Studies on culting temperature, chip
morphology, 100l wear, surface integrity and dimensional deviation are discussed.
Chapter 3 also conlains the detziled discussions on the experimental results and possible
interpretations on the rcsults obtained. Finally, a summary of major contributions and

future work is given in ehapter 4 and references are provided at the end.
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Chapter 2

E_xperimen tal Investiga tions

2.1 Introduction

The alloy steel (AIS! 43207 was heat treated to produce desired hardness as well
as greal variery of micrestructures and propertics. The whole process was done in an incrt
environment by using continuous flow of argon gas. Generally, heat treatment vses phase
lranstormation during heating and cooling to change a microstructure in a solid state. In
heat treatment of specimen, the processing was most often entirely thermal and modilics
only struclure. Thermo-mechanical treatments, which modify component shape and
structure, and thermo-chemical reatments which modify surface chemistry and structure,

arc also imporant processing approaches which fall into the domain of heat treatment.

The high culting temperature generated during machining of hardened steel not
only reduces tool life but also impairs the product quality. The temperature becomes more
intensive when curling velocity and feed are increased for higher MRR and the work
malerials are relatively difficult to machine [or their high strength, harden-ability and
lesser thermal conductivily, Cutting fluids are widely used to reduce the cutling
temperaiure. But the major problems associated with the use of conventional methods. Tt
has already been observed through previous research that proper application of MQL may

play vital role in providing not only covironment friendliness but alse some lechno-



economical benefits. Again using different cutting Muids show varying performance in

reducing cutting femperatlure,

2.2 Material Hardening

The matcrial used in the thesis was alloy steel named AIST 4320 steel (Nickel-
chromium-molybdenum steel). It was a long solid bar which had been sliced in small
pieces wilh the help of band saw to (it into the clectric furnace. The working lengih of the
pleces was 230 mm with diameter of 74 mm as shown in Fig2.1. To make provision for
pulling the red hot meral pieces from furnace, hook had to be facilitated. Using drilling and
boring tools a through hole was created in the solid shall in radial direction. A mangular
hook of mild steel was attached to the work piece so that the work-picee can be pulled out
fram the fumace with the help of a tong. A test sample made from ihe same material was
also preparcd. It was a rectangular block with dimension 23mmx15mmx10mm. This was

made for the hardness 1west.

T4 mm

Fig. 2.1 Work malcrial specimen lor hardening

Electric furnace of high hcating element was used for heat treatment. Before
loading Lhe work picec and the test sample, the furnace had 1o be made oxygen free to

avoid oxidation because a scale was formed on the surface of the work material during
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hardening. Due to scale forming, carbon quickly deposited from the work picce. In this
circumstance., two ceramic pipes of intemal diameters of 3 mm and 4.5 mm were
connected with the furnace inlet and outlet respeetively. The other end of the ceramic pipe
with 3 mm internal diameter was connected to an argon gas cylinder with the help of a
hose pipe. The door of the electric furnace was sealed and isolated from the aunosphere by
an asbestos sheet. Argon gas was passed through the fumace chamber to drive out air as
well as oxygen. [t was dane by high Mow rate of argon gas of about 7 lilers per minute at a
pressure of 130 bars. Afier two minutes, the Mow rate was slowed down and beld it at 5.5
liters por minute. At this point the furnace was urned on with § amperes current rating. It
took three hours 10 raise the wmperature to 900°C and held the work material at that

temperaturc for one hour, $chematic view of the heat treatment set up is shown in Fig.2.2.

Argon gas

Fig.2.2 Photographic view of heat treatment set-up
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A quench tank having capacity 140 liters was set up on the floor of heat treatment
lab. 10 kilograms ice and 10 kilograms of sodium chloride was mixed with 120 liters of
water to prepare a 10% brine solution, This mixture reduced the absorption of atmospheric
pases that in turn reduced the amount of bubbles. As a result. brine werled the melal
surface and cooled it more rapidly than water. In addition to rapid and uniform cooling, the
brine remnoved a larpe percentage of any scale that may be present. The work picce was
pulled quickly but carefully out from the furnace using a tong and was immersed il
veriically into the brine solfution. The solution was stirred vigorously for about 10 minutes
and was continued the quench until the specimen was coel enough to handle using bare
hands, Heat transfer was not so fast through the sicam layer. On the other hand the very act
of transforming the water into steam means the walcr has to take in enormous amounts of
energy to transform the water from liquid stale to gaseous siate (steam). Moving the part
and re-circulaling the water aids in getting the best quench. The test sample was also

guenched in the same solution following same manncr.

Quenched carbon steels always required to temper becaose of steels are ofien
more harder ithan needed and too brittle for most practical uses. Also, several inlernal
stresses like residual stresses are sel up during the rapid cooling from ihe hardening
temperature. As a result, to relieve the inlernal stresses and reduce britileness, tempored
was done. The set-up for tempering is shown in Fig.2.3. The procedure of tempering is the
re-heating of specimen below its re-cryslallization temperature {160°C). Holding the
specimen at thal lemperature for & one hour then cooled it usually in still air. The resultant

strength, hardness, and duciility depend on the temperature to which the specimen is
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heated during the tempering process. The purpose of tempering was also to produce

definite physical properties within the specimen.

Fig. 2.3 Photographic view ol tempering set-up

The sample was cleaned and ground a tlat surface of 0.015 inches deep along the
face of the sample. Hardness of the sample was measured on the C scale of Rock-well
hardness tester. The hardness of the sample before heat treatment was 163 HRB and after

heat reatment it became around 37 HRC.

2.3  Experimental Procedure and Conditions

The machining tests have been carried out by turning a hardened AIST 4320 steel
in a lathe (7.5 kWY at dilTerent cutting velocities (V) and feed rates (f) under dry and MQL
{two emulsions and one synthetic Muid) condition at a constant depth of cut (d) by standard

coaed carbide insert (SNMG-TN 4004)). Minimum quantity lubrication (MQL) machining
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has been accepted as a successful semidry application because MOL has positive part on
environment friendliness as well as lechno-economical bemefit. To cvaluate an& explore
the role of different cutting fluids on the machinability distinctiveness ol a lool-work
combination. frequenily used in machining indusiries, mostly in terms of  chip
morphology, cutting temperaturc. tool wear, surface finish and dimcnsional deviation,
which manage product quality, productivity and owerall economy is endeavor of the

present work.

The conditions under which the machining tests have been carried out are briefly
given in Table 2.1. A number of cutting velocity, feed and depth of cut have been taken
over relatively wider ranges keeping in view the industrial recommendations for the tool-
work malerials undertaken and evaluation of role of variation in ¥ and f on effectivencss
of MQL. Kceping in view less significant role of depth of cut {d) on cutting temperature,
saving of work material and avoidance of dominating effect ol nosc radius on cutling
temperature, the depth of cut was kept fixed to only 1.0 mm, which would adequately

serve The present purpose.

Effcctiveness of cooling and the related benefits depend on how closely the MQL
jet can reach the chip-tool and wotk-wool interfaces where, apart from the primary shear
zone, heat is penerated. Considering common interest and time constraint only coated
carbide insert has been used for the present work. The tool geomemy is reasonably
expected to play significant role on such cooling elfectiveness. Keeping this view a
standard tool configuration namely SNMG-TN 4000 has been underaken for the prescnt
work. The insert has been clamped in a PSBNR 2525 MI12 vpe tool holder. The nozzle tip

orientation regarding the cutling insert has been setiling afier a few trials and fixing an
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inclined metal stripe 1o the insert holder and nozzle tip atlaching on it. The thin but high
velacity sircam of M{)L. has been heading for along the auxiliary cutting edge of the insert,
so that the coolani reaches as close to the chip-tool and work-tool interfaces as possible
and cools the above mentioned inierfaces and both the principal and auxiliary flanks
effectively as well. Fig.2.4 shows the photographic view of the cxperimental set up used in

the present investigation.

Table 2.1 Experimental conditions

Machine tool : Lathe Machine(China), 7.5 kW

'Work materials 1 Hardened AIS[ 4320 steel

[C 0.17-0.22, Mn 0.45-0.65, Si0.15-0.30, Ni |.65-2.00,
Cr 0.40-0.60, P 0.035 (max), 5 0.04 (max) , Mo 0.20-0.30]

lHardness (HRC) : 37
Size : Diameter = 74 mm and length = 230 mm
[Cutting tool : Coated Carbide, SNMG-TN 4000, Widia £
Coating ¢ TiCN
Geometry ¢ -6%-6°.6°,15°,75%0.8 mm
Tool holder : PSONR 2525 MI12 (IS0 specification), Widia

Process parameters
Cutting velocity, V. : 82. 114 and 163 m/min

Feed manwe, T : 010, 0.12 and 0.14 mm/rev
Deplh of cut, d : 1.0 mm
MQL supply 1 Flow Rate 150 ml'hr, Air Pressure 23 bar, Oil Pressure 23
bar
Fnvironment : 1L Dry

il. MOL (Soluble oil)
fii. MOL (Vegetable oil}
iv. MOQL (VG 68 cutting cil)
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Fig.2.4 Photographic view of the experimental set-up

The MOQL system needs to be properly designed for achieving substantla)

technolegical and economical benefit in addition 1o cnvironmental friendliness. Followlng

factors should be considered during the etfective design of the MQL system:

ii.

eftective cooling by enabling MQL jet reach as close to the actual hot Zoneg
as possible

avoidance of bulk cooling of the tool and the job, which imay cause
unfavorable metallurgical changes

minimum consumption of cuting fluids by pin-pointed Implngement and
only during chip formation

pressure and {low rate ef the MQL should be mainwined at an optlmum

level and constant throughout the cut
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An MQL system vsing cutting [luid and compressed air essentially consists of

i. compressor for compressing and dclivering compressed air at the desined
Pressurs

ii.  mixing chamber [or mixing cuning fluid and compressed air

iii. suitable nozzle to impinge MQL 1o the cutting zone

iv. pressure and flow contro! valves for effective cconomical use of cutling

fluid

Compressor and MQL applicator are the two major compoenents of MOQL system,
Compressor acts as air supply unit and is able to develop a maximum pressure of 23 bars,
However, the main purpose of the compressor s lo supply air at a pressure, which is
requirted to set in (he different components of MQL applicator. MQL applicator consists of

three such components as flutd chamber, mixing chamber and a nozzle.

The [luid chamber is used 1o conlain the curting [luid selected for a particular
machining and the fluid pump supplies the cutting fluid from the [luid reservoir. The high
pressure air from the compressor enters into two chambers, one is fluid chamber and other
is mixing chamber. Fluid chamber has an inlet por and an outlel porl at the top and the
bottom respectively. It is conneeted to the compressor by a Mexible pipe through the inlet
port to keep the fluid inside chamber under a constant pressure of 23 bars. It is required 10
maintain the flow of cutting {luid into the mixing chamber at constant rate over a long
period of time during machining. However, based on our research requiremeni, [Tuid
chamber has been designed with capacity of one Iiter so as to enable to supply the cuiting

fluid continuously for at least six hours during machining at a MNow rate of 150 ml'hr. The
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Muid chamber is connected at the boom with the mixing chamber by a nipple. A needle is
inserted by a rubber pad to permit a little amount of Muid Mow under high pressure. The
compressed air through the upper inlet port creates the pressure to cause the Muid o go to

the mixing chamber.

For mixing the compressed air and cutting fhuid, mixing chamber is necessary.
Mixing chamber has two inlet ports and an one outlel porl. One of the inlet ports permits
high pressure compressed air to the mixing chamber. The Mow of this compressed air is
controlled by a globe valve and mcasurcd by a pressure gauge. The other port permits Muid
flow from the fluid chamber. The air and the cutting fluid are mixed in the mixing chamber
so that the mixture contains minimum quantity of cutting Muid. The mixture of the air and
cutting fluid is impinged at a high speed through the nozzle at the chip- tool interface. The
mist at the culting zone is impinged by the nozele which is connected with the ocutlet port
of the mixing chamber. This is worth mentioning that sudden expansion at the inlet porT
and contraction at the outlet port of the mixing chamber results in turbulence in the air-
flow and ensures complete or proper mixing of air with cutting fluid in the chamber.
Fig.2.5 shows the schematic view of the mixing chamber along with nozzle used for the

present work.

Cutting fluid B

Mixing chamber
Fig.2.5 Schematic view of the mixing chamber along with nozzle
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Different cutring Muids have different chemical composition. So, lubricating and
cooling action vary according to the differcnt chemical composition of cutting fluids. Tn
this present investigalion. three types of cutting uids {soluble oil, vegetable oil and VG~
68 cutting cil) were used Lo evaluate the performance on machinability characieristics of

hardencd AISL 4320 steel.

For the improvement of cutting performance, the knowledge of temperature at the
chip-iool interface with good accuracy is essential. Several experimental and analytical
techniques have been developed for the measurement of temperatures generated in cutling
zone, The average chip-lool interface cutling temperature was measured under dry and
MQL conditions undertaken by simple but reliable tool-work thermocouple technique with
proper calibration, Thermocouples have always become a popular tool to be used in
lemperature measurcments during metal cutting. This method is very useful to indicate the
effecis of the cutting speed, feed rate and cutling paramcicrs on the temperature.
Thermocouples are conductive, rugged and inexpensive and can operate over a wide
temperature range, But proper funclioning of this technique needs carc about parasitic emf

generation.

The set-up of the calibration technique empleyed for the tool-werk thermocouple
used in the present investigation has been prepared to be mounted on a precision lathe. The
twol holder used was screw Type where the coated carbide SNMG insert has been mounted.
To avoid generation of parasitic emf, a long carbide rod has been used to extend ihe insert.
The workpiece was hardened steel. Tool and workpiece have been insulated from the
machine tool. A digital multi-meter {Rish Multi, India} has been used to record emf as

milivolt. For thermocouple, one end of multi-meter has been connecled to the workpiece
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and other cnd to the tool. During machining, the emrl as milivolt has been recorded from
multi-meter under dry and MQL conditions. So, to know the chip tool interface
temperature we need lo calibrate the emf wiih temperature. For calibration, tool-work has
been brazed together and the insulaed thermocouple has been Inserted in sensilive hole in
a graphite platc. A thermometer and mulli-meter has been placed in another lwo
consecutive holes of graphile plate. Healing has been done by the means of electric heater.
A praphite block embedded with an electrically heated percelain tube has served as the
heat sink. A chromel-alumel thermocouple has been used as a reference in the vicinity of
the tool-work thermocouple for measuring the temperalure of the graphite block. Due to
the heating, thermoclectric emf is generatcd berween the tool and the workpiece. This emfl
has been recorded by multi-meter at the same lime the junction temperalure measured by
the reference thermocouple has been recorded using a digital temperature readout meter
{Rurotherm. UK). Corresponding em{-temperature has been recorded in the interval of heat
apply. The cuting zone has formed the hot junction while a cold part of the tool and the
workpiece has formed the cold junction. This technigue is easy to apply but only measures
the mean lemperature over the entire contact area and high local temperatures which may

occur for a shor pedod of time cannat be observed.

The photographic view of calibration by teol-workpiece thermocouple technique
and varation of temperature with differcnt emf {m¥) has been shown in Fig.2.6 and

Fig.2.7 respectively.
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Fig.2.7 Temperature calibration curve for hardened AIST 4320 siccl and carbide
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2.4 Experimental Results

2.4.1 Machining Chips

The form, colour and thickness of the chips also directly and indircctly indicate
the nature of chip-tool interaclion influcnced by the machining environment. The chip
samples collected while turning the hardened ATST 4320 stecl by the SNMG insert at
different V-f combinations under dry, MQL (soluble eil}, MQL {vegetable oil) and MOQL
(YG 68 cutting oil) conditions have been visually cxamined and categerized as per IS0
standard 3685 [21] with respect to their shape and color. The form and colour of all those
chips have been noted down. The thicknesses of the chips has been repeatedly measured
by a slide calliper to determine the valuc of chip-thickness ratio, r, which is an impartant
index of machinability. The results of such categorization of the chips produced at
differeni V-T combinations and environments by the alloy stecl have been shown in Table

2.2,

Chip thickness ratio, 1. (ratio of chip thickness before and afier cut} is another
important machinability index. For given (ool geomelry and cuting conditions, the valuc
of 1. depends upen the nature of chip-tool interaction, chip conlact length and chip form,
all of which are expected to be influenced by MQL in addilion wo the levels of ¥ and . The
variation in value of r, with change in ¥V and { and as well as machining environmeni
eveluated for alloy steel have been ploted and shown in Fig.2.8, Fig.2.9, Fig2.10 and

Fig.2.11 respectively.
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Table 2.2 Shape and celor of chips produced during machining

Feed |Cutting Different MOQL environments
T:*;j;:; "e";f;’t-‘” Dry MOL MOL MOL
m/min {Soluble 0il) | {Vcgetable oil) (VG 68 cutting oil)
82 |snarled snarled . | snarled | snarled
ribbon | blue ribbon metalli ribbon metallic ribbon metallic
114 |snarled snarled snarled snarled
0.10 ribbon | blue | Lo metallic ibbor metatlic Fibbon metallic
163 | snarled snarled snarled snarled
ribbon | bluc Hibbor golden ribbon golden ribbon meiallic
82 |snarled snarled snarled snarled
woular | blue | o (meiel i [ pop | metallic
114 | snarled snarled snarled sharled
0.12 ribbon | blue | .. |metallie) . metallio o |metallic
163 | snarled snarled snarled snarled
rivbon | blue | o [T o (B9 ribon | el
82 | snarled snarled long | long
ribbon | blue rikban metalli tubular metallic tubular metallic
114 | snarled snarled sharled snarled
0.14 riobon | blue | . metallic ribbon mctallic ibbon | metallie
163 | snarled snarled snarled snarled
ribbon | blue | . golden ibbon golden| . |metallic
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2.42 Cutting Temperature

Duting machining of the workpiece, the material ahead of the cutting cdge is
deformed plasiically and removed in the form of chips. The encrgy required to deform the
workpiece material and the chips is mainly convered into heat. Heal is generated at the (a)
primary deformation zone duc (o shear and plastic deformation, (b) secondary deformation
zone, due to the result of friclion force in the toolchip interface and {c) terliary
deformation zone due to friction beiwcen ol clearance face and newly generated
workpiece surface. All such heat sources produce maximum temperature at the chip-tool
inlerface, which substantially intluence the chip formation mode, culting forces and tool life.
At elevated temperature the cutting tool il not enough hot hard may lose their form
stability quickly or wear out rapidly resulting in increased cutting forces, dimensional
inaceuracy of the product and shorter tool life. ‘The magnitude of this cutting temperaturc
increases, though in different degrec, with the increase of cutling velocity, feed and depth
of cut, as a result, high production machining iz constrained by rise in lempcrarure. Again
gencration of heat and high cutting temperature increase with the increase in strength and
hardness of the work material. To reduce this detrimental cutting temperature actions are
taken. Application of conventional cutting Muid may cool the tool and the job in bulk but
cannot cool and lubricate expectedly effectively at the chip-tool interface where the
temperature is high. This is mainly because the flowing chips make mainly plastic comlect
with the (ool rake surface and may be followed by elastic contact just before leaving Lhe
contacl with the tool. Plastic contact does not allow Lhe cuming [luid to penetrate in the

interface. Elastic contact allows slight penetration of the cutting [luid only over a small region
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by capillary action. The cutting fluid action becomes more and more ineffective at the

interfzce with the increase in V when the chip-tool contact becomes almost fully plastic.

The average chip-tool interface temperaturg has been measured under both dry
and MQL conditions by tool-work thermocouple techniques during tumning of the hardened
ALSI 4320 steel al different cutting velocilies and feeds in the present investigation. The
evaluated role of different cutting tluids on average chip-loo] interface temperalure in
turning the given hardened stecl by coated carbide (SMNG-TN 4000) insert at different ¥
and f combinations under both dry and MQL conditions have been shown in Fig.2.12,

Fig.2.13. Fig.2.14 and Fig.2.15.
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2.4.3 Tool Wear

Productivily and cconomy of manufacturing by machining are significantly

affected by life of the curling toels. Cutting tools may fail by brittle fracture, plastic
deformation or gradual wear. In conventional machining, particularly in continuous chip
formation processes like tumming, generally the cutting wols fail by gradual wear by
abrasion. adhesion, diffusion, chemical erosion, galvanic action cte. depending upon the
tool-work materials and machining condition. Tool wear initially starts with a relatively

faster rate due to what is called break-in wear caused by attrition and micro-chipping at the
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sharp culling cdges. Tuming by coated carbide inserts having cnough strength; toughness

and hot hardness penerally fail by gradual wears.

Wilh the progress of machining the tools attain crater wear at the rake surface and
flank wear at the clearance surfaces due to continuous interaction and rubbing wilh the
chips and the work surfaces respectively. The principal (lank wear is the most important
because it raises ihe curting forces and relaled problems. Again the lifc of the tools, which
ultimately fail by the systematic gradual wear, [s generally assessed at least for R&D work,
by the average value of the principal flank wear (VB). which aggravates cutting forces and
temperature and may induce vibration wilh progress of machining. Wear may grow at a
relatively [astcr rate at cermain locations within the zones of [lank wear apart from
notching. ‘The width of such excessive wear are expressed by ¥YM (maximum (lank wear),
VS {average auxiliary flank wear) and V$M (maximum auxiliary flank wear). The rcason
ol these preferential wears are the presence of some initial defect or variation in geometry,
temperature and chip-tool interaction along the cutting edyes depending upon the tool
geometry, tool-work materials and the conditions of inachining. The pattcrn aid extent of
the auxiliary fank wear (VS) affects surface finish and dimensional deviation of the
machined parts. Growth of tool wear is sizeable inflluenced by Lhe temperature and nature
of inleractions of the toolwork inlerfaces, which again depend upon the machining
conditions Tor given tool-work pairs. In the present investigations the given insert attained
sipnificant values of VM, VS and VSM in different degree under different conditions. Fig.

2.16 shows the schematic view of gencral patlern of wear.
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Croter wear

VB= Average flank wear
WN= MNotch wear

Yid=  Maximurn flank weaar

¥5= Average ouxiliary
flank wear

VoM= Maximum auxiliary
flank wear

Fig. 2.16 Schematic view of general pattern of wear

During machining under cach condition, the cutting inserl was withdrawn at
regular intervals and then the salieni features like, VB, ¥M, VS, VEM, etc. were measured
under metallurgical microscope fitted with micrometer of least count 1.0 pm. At the end of
the machining and attaining sulficicnt wear the pattern and extent of wear of cach tool was
cxatnined under Scanning Electron Microscope (SEM) and the photographs are taken tor

onward comparative study,

To reduce the rate of growlh of ¥B, amempts should be made in all possible ways
without much sacrilice the MRIL. The growih of principal [lank wear, ¥B with progress of
machining time recorded while turming the hardened AIST 4320 steel by SNMG insert at
V=114 m/min. f=0.10 mm/rey and d=1.0mm under dry. MQL (vegetable 0il) and MQL
{¥G 68 cuiting oil) conditions have been shown in Fig.2.17. Fig.2.18 shows the growth of
maximum flank wear (Y} with time observed while rarning the hardened AIST 4320 sieel
by SNMG insert at a particular ¥, f and d combination under dry, MQL (vegetable oil) and

MOQL (V¥ 68 cutting oil} environments.
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The auxiliary [lank wear, which affects dimensional accuracy and surface [linish,
have also been rccorded at regular intervals of machining wnder all the conditions
underaken. The growth of average auxiliary flank wear, V8§ with lime of machining of the

hardened AISL 4320 steel under different environments have been shown in Fig.2. 19,

300 =
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}.. Fecd : 0 1) mmirey
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_5:' —— ML (W B8 cutting oil)
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Machining time, min
Fig.2.19 Growth of average auxiliary {lank wear (V¥S) with time recorded during turning

AISI 4320 stee] by SNMG inserts under ditferent environments

To sce the actual effects of different cnvironments on wear of the carbide insert of
present configuration, the SEM views showed the paltern and extenl of wear that
developed at the different surfaces of the (ool tips after being used for machining the
harlencd AISI 4320 steel over reasonably long period. The SEM views ol the principal
and auxiliary flank of the wom out SNMG insert after about 14 minuies of machining
hardened AISI 4320 steel under dry, MQL {vcgelable oil} and MOQL (cutling oil}

conditions have been shown in Fig.2.20 and Fig.2.21 respectively.
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Fig.2.21 SEM vicws of auxiliary flank of worn out insert under {a) dry {b) MQL
{vegetable oil) and (¢ MOQL (VG 68 cutting oil) conditions
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2.4.4 Produet Quality

Mow-a-days quality of the product is very crucial thing. The perftrmance and
service life of any machincd parls mainly vary by the quality of that product. For a given
material quality is generally asscssed by dimensional and form accuracy and surface
integrity of the product in respect ol surface roughness, oxidation, corrosion. residual

stresses and surface and subsurface micro-cracks.

To cvaluate the quality of the product only the surface roughness and the
dimensional deviations on diameter have been investigated in this present work. This
investigation is camicd out under different culling cnvironment at various V-f

combinations. But depth of cut is constant through out the experiment, i.e. 1.0 mm.

Finished Surface is a very vilal consideration for product qualily. This important
index of machinability is substantially inMuenced by the machining environment [or given
tool-work pair and speed-feed conditions. So the development of surface roughness in

contimuous machining processes like turning, is caused by

i, vibration in the machining systemn
ii.  improper machine set-up

ili. gradual wear of the cutting teol

Surface roughness has been measured at bwo stages. At first stage, the roughness
of the surface was measured afler a few scconds of machining with the sharp tool while

recording the cutting temperature. Here the surface finish has been measurcd by a Talysurf
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JoRaog

{Surtronic 3+, Rank Taylor Hobson Limited} by the machining of the hardened steel bar
by the coated carbide insert at different V-t combination under dry. MQL (soluble oil),

MOL (vegetable oil} and MQL (VG 68 cutting oil), using a sampling length of 0.10mm.

Al second stage, the surface roughness has been measured with the progress of
machining while menitoring growth of tool wear with machining time. In this stage the
surface finish was measurcd by a Talysurf {Surtronic 3+, Rank Taylor llobson Limited) by
the machining of the hardencd steel bar by the coated carbide insert at cutting velocity of
114 m/min, 1.0 mm depth of cul and 0. [0 mm/rev feed under dry. MOQL {vegetable oil)
and MQL {cutling oil) conditions. As the soluble oil gave poor performance it has not been
applied at second stage. Here the performance is compared among the three environmenis.

i.e. dry. MQL {vegetable oil) and MQL (VG 68 cutting oil}.

The surface roughness, Ra attained of machining of hardened AIST 4320 steel by
the sharp coated carbide (SNMG-TN 4000) insert at various V-f combinations under dry,
MOQL(soluble oil), MQL (vegetable oil) and MQL (VG 68 cutting oil) conditions are

shown in Fig.2.22, Fip.2.23 and Fig.2.24 respectively.

Fig.2.25 shows the variation in surface roughness observed with progress of
machining of the hardened AISI 4320 siccl by the SNMG insert at a pariicular set of V-f
and d, i.e, 114 m/min. 0.10 mm/rey and 1.0imm respectively, under dry, MOL (vegetable
oil} and MQL {cutting oil} conditions. Here the total machining time was considered as

aler 14 seconds.
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Dimensional occuracy often affects the performance and scrvice life of the
machined component. The diameter of the machined par during the siraight turning in a
centre lathe is generally found to increase along length of cut due to gradual wear of the
1ol tip; decrease due to thermal expansion and subsequent cooling of the job if the job
temperature riscs significantly during machining and increase dug to system compliance of
the machine-Mixiure-tool-work (M-I-1-W) system under the action of the cutting forces.
So the development of dimensional deviation in continuous machining processes like
turning, is caused by

i.  wvibration in the machining sysiem

ii,  improper machine set-up, tcol

ui.  excessive heat development

iv.  gradual wear of the cutting tool

The order of dimensional deviations possible due to thermal cxpansion of the job
even under dry machining and due to compliance of the M-F-T-W sysiem werc calculated
for the steel specimens being machined under the present conditions and the valucs appear
to be extremely small (less than | pm) compared to that possible due to wear ol the tool
tips. Therefore, in the present study, the dimensional deviations arc considered to be

mainly due to wear of the tool Lips.

T'he pradual increase in dimensional devialions on diameter observed along the
length of cut on the hardened AISI 4320 steel afier onc fall pass of machining at cutling
velocity of 114 m/min, 0.10 mm/frev feed and 1.0mm depth of cut under dry, MQL
(vegetable vil) and MQL (Vg 68 cutting oil) condilions have been considered. For MQL

enyironment only the vegetable oil and ¥G 68 cutting oil have been applied. Mere the
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soluble oi! has not been used because it has been tound earlier that among the three given
cutting Auids, soluble oil does not give better performance. Dimensional deviation of the
machined work piece has been measured by fitting a dial gauge of least count 10 pm on
the carriage of the machine tool under a complele pass of machining. During machining

gauge reading has been taken in 10 mm interval and pleted in Fig.2.26.,
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Length of cut. mm
Fig.2.26 Dimensional deviation observed afier one full pass turning under dry, MQL

{vegetable oil} and MQL (VG 68 cotting cil) conditions
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Chapter 3

Discussion on Experimental Results

-y

3.1 Machining Chip

The form (shape and colour) and thickness of the chips directly and indirectly
indicate the nature of chip-tool intcraction influence by the machining environment. The
pattern of chips in machining ductile metals arc found o depend upon the mechanical
properties of the work material, tool geometry particularly rake angle, levels of ¥ and f,
nature of chip-too! interaction and cutting environment, In absence of chip breaker, length
and uniformity of chips increase with the increase in ductility and softness of the work
material, too] rake angle and cutting velocity unless the chip-tool interaction is adverse

causing intensive friction and built-up edge formation.

From the Table 2.2 it is stated that under dry and MQL condition the shape of the
mest of the chips are snarled ribbon. But when ¥=82 m/min and {=0.14 mm/rcy, the shape
of the chips are long tubular under the application of vegetable oil and cutting oil. Again
from Table 2.2 it is clear that when V and f increase, the chip-tool interaction temperature
increases. Thus chip become much deeper, i.e. from metallic to golden. Again the colour
of the chips have also become much lighter depending upon V and [ duc to reduction in
cutting temperature by ML condition. At dry condition the colour of the chips are very

deeper, t.e. bluc duc to high temperature.



1t is important to note in Table 2.2 that the role of MQL has been more effective
in respect aof form {shape} and colour of the chips when the same stect was machined by
the groove type SNMG inscr. Such improvement can be attributed to effectively larger
positive rake of the tool and better cooling by the jets coming along the groove parallel o
the cutting edges. However, the colour of the chips of the alloy steels significantly changed
with the application of minimum quantity lubricant comparing to dry condition. The colour
of the chips is lighter in MQL condition than dry machining. This seemingly happened due
to reduction in chip-tool and work-tool interface temperature. But among the three types of

cutting [luids the VG 68 cutting oil shows the favourable results in this regard.

The chip-thickness ratio (1) is an imporant index of chip formation and specilic

energy consumption for a given tool-work combination. It is evaluated from the ratio,

_a, fsinp
r, . 2 T £ Y )
Where,
r. = Chip thickness ratio
a1 = Chip thickness before cut = f sing
a; = Chip thickness
f = Feed rate

P Principal cutting edge angle

During the machining of the metals and allgys, conlinuous chips are produced and
the value of r. is penerally less than 1.0 because chip thickness after cut {a;) becomes
greater than chip thickness before cut (ag) due to almosi all sided compression and friction
at the chip-tool interface. Smaller value of r. means larger culting forces and friction and

hence is undesirable.
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Chip thickness depends on almost all the parameters involved in machining. The
degree of chip thickness which is measured by chip thickness ratio, plays an important role
on cutting forces and hence on cutling energy requirements and cutting temperature. The
elTecl of increase in ¥ and f ané the change in environment on the valuc of chip-thickness
ratio {r.) obtained during tumming handencd AISI 4320 steel are shown in figure from

Fig.2.8 to Fig.2.11which depict some significant facls;

i values of r, has all along been less than 1.0
ii.  the value of r. has increased by the application of minimum quantily of
lubricant

ili. the value of r, increases wilh increase in ¥V and £

Fig.2.8 to Fig.2.11 show that MQL has increased the value of chip thickness ratio
for all ¥-I combinations due to reduction in friction at the chip-too! interface, reduetion in
built-up-edge formation and wear at the cutting edges. In all V-t combinations MQL by
cutting oil and vegetable ¢il show more effectiveness than soluble oil. The figures from
Fip.2.8 to Fig.2.11 clearly show that throughout the present experimenial domain the value
of r. gradually increased with the increase in V and [ in different degree under both dry
and MQL conditions. Among three cutting Muids, culting oil (VG 68) has shown the best
performance, because the value of r, has increased more than the other two [uids, ie
vegetable oil and soluble oil. The value of r. usually increases with the increase in ¥
parlicularly at its lower range duc to plasticization and shrinkage of the shear zone for
reduction in friction and buili-up cdge formation at the chip-tool interface duc lo increase
in temperature and sliding velocity. In machining steeis by tools like carbide, usually the

possibility of built-up edge formation and size and strenyth of the built-up edge, if formed
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gtadually increase with the increase in temperature due to increase in V and also T and then
decrcase with the further increase in V due to too much sotlening of the chip malerial and

its rernoval by high sliding speed.

The percentage increment in chip-thickness ratio, r, atmined by MQL for dilferent
cuiting velocity and feed have been calculated from the previous figures and shown in
Table 3.1 for hardened AlS1 4320 steel. For ease of comparison. the ranges and averages
of percentage increment in r; has been separatcly shown in Table3.2 which visualizes how

the beneficial role of MQL varied with different cutling tluids.

Table 3.1 Percentage increment in chip thickness ratio (r) dve to minimum quantity

lubricant
Feed rate, f,  |Cutting velocity,| Percentage increment in r, under differemt MQL
mm/rey ¥, environments
m/min MOL MOL MOL
{Soluble vil) | {Vegetable oily | (VG 68 cutting oil)
82 1} 21 42
0.10 114 13 27 40
163 3 15 25
32 5 14 21
0.12 114 10 19 27
163 5 9 15
32 ¥ 16 22
0.14 14 4 14 23
163 g 16 21
71
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l'able 3.2 Avcrage percentage increment in chip thickness ratio (r.) due to minimum

quantily lubricant

Average Percentare increment in r,
Savings
MQL MQL MQL
{Socluble oil) {Yegetable oil) (VG 68 cutting nil}
Range 4-13 9-27 15-42
Avorape 8.0H0 16.78 26.56

From Table 3.1 ihe percentage of incremert im chip thickness ratio for the stated
V-t combinations for MQL by cutting oil, vegetable oil and soluble oil over dry condition
are 15-42%, 9~27% and 4~13% respectively. It can also show that at fow feed and low
cutling speed increase [n chip thickness ratio is more. But if feed increases betier result is
shown at 114 m/min cutting velocity, Again Table 3.2 presents that the average value of
percentage increment in chip-thickness ratio for MQL by cutting oil. vegetable oil and
soluble oil are 26.56%, 16.78% and 8% rcspectively. So it is concluded that cutting ol

(VG 68) gives best performance than other two fluids.

3.2 Cutting Temperature

During hard tuming the maximum heat generated at the chip-tool interface, as a
result temperature of chip-tool interface is increased quickly. This machining temperature
at the cutting zone needs o be controlled as far as possible. Culting temperature increases
with the increase in specific encrgy consumption and material removal rate (MRR). Such
high cutting temperature adversely affects, directly and indirectly, chip fermation, cutting

forces, tool life and dimensional accuracy and surface integrity of the producis. That is
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why, artempts are made (o reduce this detrimental cutting temperature. In some cases dry
cutling is preferable in machine to hard materials al low speed. But in case of high speed
machining cutting fluids may apply. Conventional cutting fluid application may, to some
extent, cool the tool and the workpiece in bulk but cannot cool and lubricate cxpectedly
and cffectively at the chip-tool interface where the temperature is maximum. This is
mainly because the Mowing chips make mainly bulk contaci with the tool rake surface and
may be followed by elastic contact just before leaving the contact with the tool. Bulk
contact does not allow the cutring Muid to penetraie in the interface. Elastic contact allows
slight penetration of the cutting Muid only over a small region by capillary action. The
cuttintg Muid action becomes more and more ingffective at the interface with the increase in

¥ when the chip-tool contact becomes almost fully plastic,

Therefore, application of ninimum quanlity lubricant {(MQL} at chip-teol
interface is expected to improve machinability characteristics that play vital role on
productivily, product quality and overall economy in addition to environment-friendtiness
in machining particularly when the cutting temperature is very high. The average chip-tool
interface temperature has been determingd by using the tool work thermocouple technique
and plotted apainst different cutting velocity, ¥ under dry and MQL cnvironment in

turning hardened steel by coated SNMG insen.

The variation in average chip-too! interface temperature at different culting
velocity, feed and environment combinations are shown Fig.2.12 to Fig.2.13. 1he cutting
temperature generally increascs with the increase in ¥ and [ though in different degree due
to increased energy inpul. So. for high-speed machining it is very important to control the

culting temperature. 1t could be expected that MOQL would be more effective at higher
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values of ¥ and f. Fig.2.12 to Fig.2.15 show that MQL is betier than dry machining for all
the V-f combinations but among three tluids used for MQL, cutling oil shows best results,

secondly vegetable cil and than soluble oil.

It is evident from Fig.2.12 to Fig.2.15 that as the cutting velocity and feed rate
increases. the percentage reduction in average cutling temperature decreases. Il may be for
the reasons that, the bulk contact of the chips with the tool with the increase in ¥ and { do
not allow significant entry of coolant jet. Only possible reduction in the chip-tool contact
length by the MQL coolant jet parlicularly that which comes along the auxiliary cutling
edze can reduce the temperature to some exlent particularly when the chip velocity is high
due io higher ¥. So, at industrial speed-feed conditions, this ameount of reduction [n
average cutting lemperature is quite significant in peraining tool life and surface finish.

Here cutting oil gives good performance among other cutting {luids,

The percentage saving in average chip-lool interface temperature O attamed by
MOQL for different V-t combinations have been extracied from the previous figures and
shown in Table 3.3 for hardened AISI 4320 steel. For convenicnce of comparisen, the
ranges and averages of percontage savings in 0 have been scparatcly shown in Table 3.4

which visualizes how the beneficial role of MQL vanied wilh different cutting (uids.
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Table 3.3 Pcrcentage reduction in chip-tool interface temperature (8} due to minimum

guantity lubricant

Feed rate, f, |Cutting velocity,| Percentage reduction in & under different MQL
mm/rey Y, eovironments
m/min MOQL MQL MOQL
{Soluble 0il) | (Vegetable oil} | (VG 68 cutting oil)
82 10 13 16
0.10 114 8 10 15
163 7 3 13
82 9 11 13
0.12 P14 8 g 13
163 6 8 13
82 3 11 13
0.14 114 7 10 12
163 7 3 )

Table 3.4 Average percentage reduction in § due to minimum gquantity lubricant

Average percentage reduction in 8
Savings MQL MQL MQL
{Soluble oil) {Vegctable oil} (VG 68 cutting oil}
Range 7-10 8-13 [1-16
Average 7.78 5.78 13.22

From the Table 3.3 and Table 3.4 it is found that, in case of MQL by cutting ail
and vegetable oil among all ¥-f combinations the reduction in curling temperature for
V=82m/min and f=0.10 mm/rev is more. In this ¥-{ combination temperature reduction
under MQL by cutting oil, vegetable oil and soluble oil varies from 6~11%, 3~8% and

1--5% respectively. It can be noticed that with the increase in feed rate MQI. becomes less
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effective at higher cutting velocity but it shows better performance at lower cutting
velocities. This may be due to the increase in chip load and increase in plasiic contact
lenath during cutting prevents the MQL to enter into the chip-tool interface, More over, il
shows best reduction at higher velocity for lower feed rate. Again Table 3.4 presents that
the average percentage reduction in chip-lool interaction temperature under MQL by
cutting oil, vegetable oil and soluble oil are 8.11%, 4.78% and 2.67% respectively.
Therefore, in all the tesis through out Lthe entire experiment, MOQL with cutting oil (VG 68}
shows Lhe best performance due 1o its betler cooling and lubricalion irmespective of speed

feed and depth of cut.

33  Cutting Tool Wear

It is already mentioned that wear of cutting tools are generally quantilatively
assessed by the magniwdes of VB, VS, VM, VSM ctc. shown in Fig.2.16, oul of which
VB is considered to be the most significant paramcler at least in R&1} work. Il was
reported [91,92] earlier that application of conventional culting fluid does not always help

in reducing tool wear in machining slcels by carbides rather may aggravate wear.

Among the different tool wears, the principal flank wear is the most imporant
hecause 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 {¥B) of its principal flank wear reaches a limiling vale, like 300pm
Therciore attempts should be made to reduce the rate of growth of Mank wear in all

possible ways without sacrilicing MRR. The cuming inser has been wilhdrawn at regular
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intervals to study the pattern and cxtent of wear on main and auxiliary flanks under both

dry and MQL conditions.

The gradual growth of VB, the predominant parameter to ascertain the end ol tool
life, has observed during turning ol hardened AlS1 4320 steel by coaled carbide (SNMG-
TN 4000) inserts at a cutling velocity 114 m/min, feed rate 0.10mm/rev and depth of cut
1.0 mm under dry and MQL have been shown in Fig. 2.17. It is clearly observed from the
Fig.2.17 that the principal Mank wear (VB) decreases significantly under MQI. condition.
As from the previous discussion it is obiained that MQL by cutting ol and vegetable oil in
feed 0.10 mm/rev, culting velocity 114 m/min and depth of cut 1.0 mm is more effective
so the wear parameters are selected considering these fact. Agawn Fig.2.18 shows ihe
growth of maximum flank wear (VM) with progress of machining recorded while turning
the hardened AISI 4320 steel. underlaken by the SNMG inseris at Lthe piven cutling
velocity {114m/min }, feed (0.10 mm/rev) and depth of cut (1.0 mm) under dry and MQL

canditions. MO, cooling cnabled sharp reduction in VM with the progress of machining.

Another imporiant tool wear criteria 18 average auxiliary flank wear (as shown in
Fig.2.19) which governs the surfacc finish on the job as well as dimensional accuracy.
Irrcgular and higher auxiliary flank wear leads to poor sarface finish and dimensional
inaccuracy. The growth of ¥$ has been depicted in Fig. 2.19 for different environments
and here also MQL cooling permit quick reduction in VS with the progress of machining.
So. it is clearly appears from Figures that the rate of growth of Mank wears (VB, VM and
v§) decreascs substantialty by MQL when turning steet by SNMG inscris. Pressurized jet

of MQL has casily been dragged into the plastic contact by its high energy jet, cools the
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interface and lubricate properly. It not only cools the interface but also reduces frictional

heat generation by lubricating the friclion zones,

It is also evident from Fig.2.17 that application of minimum quantity Tubricant jet
has substantially reduced growth of VB. Such improvement by MQL jet can be attributed
maitly to retention of hardness and sharpricss of the cutling edge for their steady and
intensive cooling, prolcetion from oxidation and corrosion and absence of built-up edge
formation, which accelerates both crater and flank wear by flaking and chipping. Fig.2.17
also shows that VB decreases much fasier in case of applying culling oil than vegetable oil

because ol its appreciable chemical propertics.

The auxiliary flank wear, which occurs due to rubbing of the tool tip against the
finished surface, causes dimensional inaccuracy and worsens the surface Mnish. Gradual
decrease in depth of cul which is proportional to (he widih ¥$ of that wear increases the
diameier of the job in straight iuning with the progress of machining. And the irregularity
developed in the auxiliary cutting cdpe due fo wear impairs the surface finish of the

product.

The results of the experimental sludy have been presently carricd out on tool wear
in machining hardened AISI 4320 sicel under different environments. Application of
conventional method and type of cutting Tluid like soluble oil does nod help in reducing
wear or improving toel life. But proper application of MQL in the form of jet provides
substantial improvement. Such benefit of MQL may be attributed mainly to reduction of
abrasive and chemical wear at the tool flanks and also possible control of chip-tool

interaction and thereby built-up edge formation which not only adds flaking wear but also
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accelerates chipping of the cutting edges by inducing vibration. I'he cutting oil shows

appreciable performance in this regard.

Application of MQL has provided substantial improvement. Both [fank and crater
wear have been much uniform and much smaller in magnitude and without any notch
wear, In the process of systematic growth of cutting tool wear, the cutting tools usually
{irst undergo rapid wear called break-in wear at the beginning of machining due to atrition
and micro-chipping and then uniformly and relalively slow mechanical wear followed by
faster wear at the end. The mechanism and rate of growth of cutting tool wear depend
much on the mechanical and chemical properties of tool and the work matcrials and their
behaviour under the culing condition. While machining this steel, no notching has been
found to develop in any of the inserts even under dry machining condition possibly for less

hardenability and more chemical stability of this steel.

In uninterrupted machining of ductile metals by tools like carbides at reasonably
high ¥ and f, crater wear is governed mainfy by adhesion and diffusion for rubbing at
higher stresses and (emperature and flank wear mainly by abrasion for lesser pressure and
temperature. Bul adhesion and diffusion type temperature sensitive wear may also oceur,
in addition to abrasion wear, at the tool Manks il the fank temperature becomes high.
Turmning of strong metal like hardened AISI 4320 steel at reasonably high ¥ {114 m/min)
and £ {0.10 mm/rev) under dry condition is expected to cause sufficicntly high temperature
at the too] Manks. Thercfore, adhesion and diffusion are also likely to have contributed in
the ftank wear in the present case, and MQL scemingly prevented such temperature
sensitive adhesion and diffusion as well as reduced abrasion wears. But the wear is

decreased more due to the application of cutting oil than vegetable eil.
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The SEM views of the wom out inseris atter machining of hardened AIST 4320
steel at a padticular V-f-d combination under differcat environments for difTerent times
spans, shown in Fig.2.20 and Fig.2.21, qualitatively indicate that MQL has provided
sizeable reduction in overall wear of the inser. Fig.2.20 alse show that principle [ank
weat oceurred more or less uniformly along the main cutting edge of the SNMG tool and
under difTerent cnvironments in machining the AIST 4320 stecl. However, VM sizeably
decreased due to MOQL as can be seen in Fig.2.18. Substantial reduction in average
auxiliary [lank wear (VS) in SNMG inscrts cnabled by present MQIL in machining AISI
4320 sicel has been revealed in Fig.2.19 and Fig.2.21. So it is found that cutting ol

increase tool lifc by decreasing tool wear.

14 Product Quality

The value of any machined product of given material is generally assessed by
surface integrity and dimensional accuracy, which govern the performance and service life
of that product. For the present study, only dimenstonal accuracy and surface finish have

been considered for assessment of quality of product under dry and MQL machining.

Surface finish is an important index of machinability or grind-ability because the
quality of any machined product of given material is generally assessed by dimensional
accuracy and surface integrily, which govern the performance and service life of that
product. Generally, good surface finish, il essential, is achieved by [inishing processes like
grinding but sometimes it is lefl to machining. The major cavses behind development of

surface oughness in continuous machining processes are:
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i.  regular feed marks Jeft by the tool tip on the Ninished surface

ii. imegular deformation of the auxiliary cutting edge at the toeol-lip due to
chipping, fracturing and wear

ili. vibration in the machining system

iv.  built-up edge formation, il any

Even in absence of all othct sources, the turned surface inhcrently attains some
amount of roughness of systematic and uniform configurations due to feed marks. The
peak value of such roughness depends upon the value of feed, f and the geometey of the
wrning inserts. Nose radius essentially imparts edge strength and better heat dissipation at
the tool tip but its main contribution is drastic reduction in the aforesaid surface roughness

as indicaled by the simple relationship,

r 32
h, B {3.2)
Where,
he = Peak value of roughness caused due Lo feed marks
r = Nose radius of the turning inscris
f = TFeed rate

In actual machining, particularly at high feed and culting velocity, the peak value,
hn may decrease, due 1o rubbing over the feed mark ridges by the inner sharp edge of the
flowing chips. Further detcrioration of the culting edge profile takes place due to chipping,
wear ett, Formaiion of built-up edge may also worsen the surfacc by further chipping and

flaking of the toel materials and by overflowing to the auxiliary Mank at the lool-tip.
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For the present study, only surface finish has been considered for assessment of
quality of product under dry and MQL machining. Surface roughness is an nnportant
measuring criterion of machinability because performance and scrvice life of the machined
component are oflen affected by its surface [inish, nature and extent of residual stresses
and presence of surface or subsurface micm-cracks, if any. particularly when that
component is lo be used under dynamic loading or in conjugation with some other maling
part. lHowever, it is evident that MQL improves surlace finish depending upon the work-
tool materials and mainly through controlling the deterioration of the auxiliary cufling

edge by abrasicn, chipping and built-up edge formation.

Feed force as well as chip thickness ratio is responsible for surface roughness
along the longitudinal direction of the turned job. Usually surface mughness decreases
with the increase in cutting velocity as culting force decreases and chip thickness ratio
increases with the increase in curling speed. Fig 2.22 1o Fig.2.24 show the variation of the
values of surface roughness, Ra attained of machining of hardened AlSI 4320 steel by the
sharp SNMG inserts at various V-f combinations under dry and MQL (vegetable oil,
cutling oil and soluble oily conditions. The surface roughness increases wilh the incrcase in
feed, f and decreases with (he increase in V. Incrcase in f raises [a mainly. Reduction in
Ra with the increase in ¥V may be aliributed to smocther chip-tool interface with lesser
chance of built-up edge formation in addition to possible truncation of the feed marks and
slight [lattening of the twol-tip. Incrcase in V may also cause slighl smocthing of the
abraded auxiliary curling edge by adhesion and diffusion type wear and ihus rcduces
surlace roughness. So, cutling velocity, V influences on surface roughness under dr}j and

MOQL machining. Tt is cleatr that the surface roughness quite deereases with increasing
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culting velocity under dry machining. In casc of MQL machining, surface roughness faster
decreases wilh increases cutting velocity. This is mainly because of formation of built-up
edee frequently and behaviour of materials to be machined in dry machining compared

that of MQL.

1t appears from Fig 2.22 1o Fig.2.24 that surface roughness grows quite fast under
dry machining dug to more intensive temperature and stresses at the lool-tips. MQL
condilion appearcd to be eflective in reducing surface roughness. However, it is evident
that MQI. improves surface [inish depending upon the work-tool malerials and mainly
through controlling the detcrioration of the auxiliary cutting edge by abrasion, chipping
and built-up edge formation. It has been also observed that the roughness of the machined
surfaces is hiph at high feed rates and vice versa, under drv and MQL. conditions. The
factors influence in that phenomenon is the irregular deformation of the auxiliary cutting

edge at the tool-tip due chipping, fracturing and wear.

Ii is cvident in Fig 2.22 to Fig2.24 that MOQL could provide marginal
improvement in surface finish. The slight improvement in surface finish by MQL might be
due o reduction in break-in wear and also possibly reduction or prevention of buili-up
cdge formation depending upon the work material and cutting condition. Compared among
vegelable oil, cutting oil and soluble, cutting oil gives best performance and soluble oil
gives worst performance. Because at higher speed and feed rate, cutting oil gives better

surface Mmish than other two cutting fluids.

The percentage saving in average surface roughness Ra allained by MQL for

different V-f combinations have been extraced trom the previous figures and shown in
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Table 3.5 for hardened AlSI1 4320 steel For convenience of comparison, the ranges and
averages of percenlage savinps in Ra have been separately shown in Table 3.6 which

visualizes how the bepeficial role of MQL varied with different cutting fluids.

Table 3.5 Percentage reduction in surface roughness (Ra) due to minimum quantity

lubricant
Feed rate, f, [Cutting velocity,| Percentage reduction in Ra under different MQL
mnyrey Y, ¢nvironments
m/min MOL MOQL MOQL
{Soluble oil) | {Vegetahlc oil} (VG 68 cotting oil)
82 3 1 21
¢.10 114 3 13 27
163 7 15 32
82 7 12 20
0.12 114 7 14 1
163 6 10 19
82 6 12 20
.14 114 3 10 773
163 4 13 26

Table 3.6 Average percentage reduction in Ra due to minimum quantity lubricant

Average percentage reduction in Ra
Savings MOL MOQL MOL
{(Soluble oil) {Vegetable ail) (VG 68 curting oil)
Range 3-7 10-13 19-32
Average 310 12.22 23.33

54



From the Table 3.6 it is shown that in respeci of surface roughness MQI. is bettar
for =0.10 mmérev and ¥=163 m/min. The value of percenlage reduction for cutting oil,
vegetable oil and soluble oil are 19-32%, 10~15% and 3~7orespectively. Again the
average percenlage reductions are 23.33%. 12.22% and 5.11% for cutting oil, vegetable oil
and soluble oil respectively. So it is clear that surface roughness is reduced under MQL
condition than dry through out the ¥-f combinations but MQL by cutting oil and vepetable

ail show better resulls,

Surface roughness for cach trcatment has been also measured at regular intervals
while carrving out machining for lool wear study. 1t has been found that surface roughness
grew substantially, though in different degree under different toel-work-envirenment
combinations, with the progress of machining. Fig. 2.25 shows the variation in surface
roughness observed with progress of machining of the hardened ATSI 4320 steel by the
SNMG insert at a particular set of ¥ (114m/min), £ (0.10 mm/rev} and d (1.0 mm) under
dry and MQL conditions at machining lime 14 sceonds. Fig.2.25 reveals the pattern of
growth of surface roughness. Such observations indicate disiinct correlation between
auxiliary flank wear and surface roughness also like dimensional deviation. Wear at the
tool [lanks is caused mainly by micro-chipping and abrasion wnlike crater wear where
adhesive and diffusion wear are predominani parlicularly [h machining steels by coated
carbides. The minute grooves produced by abrasion and chipping roughen the auxiliary
curling edge at the tooltip, which is direcily rcflected on the finished surface. Ideep
notching. if' develops at the tooltip would enhance surface roughness. Duilt-up edge

formation alse is likely to affect surface finish direcily being pamicularly stacked to the
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cutling cdge as well as finished surface and indirectly by causing chipping and flaking at

the tool Lip.

From the Fig. 2.25 it is clear that surface roughness gradually increases as usual
with the machining time due to gradual increases in auxiliary tlank wear (VS). In case of
alloy steels, which as such has produced higher surface roughness under dry machining
expectedly due to more intensive lemperature and stresses at the tool-lips, MQL has
appeared Lo be more effective in reducing surface roughness as it did for auxiliary flank
wear. The rate of increase in surface roughness decreases to significant extent when
machining has been done under minimum quantity lubrication which not only reduced the
VS but alse possibly of built-up edge lformation due lo reduction in temperature. However,
it is evident that MQL jet substantially improves surface finish depending upon the work-
tool materials and mainly through controlling the deterioration of the auxiliary cutting
edee by abrasive, chipping and built-up edge formation. Among different MOQL condition
cutling oil is the best performer hecause surface roughness decreased to a large exteat by

application of cutling oil (V{i 68).

Fig.2.26 shows the effect of MQL by vegelable oil and cutting oil on the
dimensional accuracy of the wrned job. The finished job dianeter generally deviates {from
its desired valuc with the progress of machining, i.e. along the job-length mainly due to
change in the effective depth of cut for several reasons which include wear of the tool
nose, over all compliance of the machine-fixture-tool-work system and thermal expansion
ol the job during machining followed by cooling. Therefore, if the machine-{ixture-tool-
work system is ripid, variation in diameter would be governed mainly by the heal and

cutting temperature. Wiih the increase in emperature the rale of growth of auxiliary {lank
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wear and thermal expansion of the job will increase. MQL lakes away the major pr.‘.)rii{m of
heat and reduces the tempersture resulting from decrease in dimensional deviation
Performance of cutting oil is found better than that of vegetable ol in controlling the

deviation of dimension during machining hardened stecl,

Fig.2.26 clearly shows that dimensicnal inaceuracy can be sizably reduced by the
present method of MQL jet in machining hardened AISI 4320 steel rod by carbide inserts.
Careful observalion of the [ligure presenting dimensional deviations under various
machining conditions and those presenling average auxiliary [lank wear visualises that
dimensional deviations observed have close relation with corresponding auxiliary flank
wear Fig.2.26 and Fig.2.19 show that the nature of increase of dimensional deviation with
the progress of machining AISE 4320 steel red is quite similar to that of growth of
auxiliary flank wear (VS). Dimensional inaccuracy has been respectively enhanced and
reduced by application of ML, expectedly, in the way VS has been respectively raised
and reduced. Therefore, increase in diameter is atmost directly related to that of auxiliary
flank wear. However, it is clear from Fig.2.26 that the use of minimum quantity of
lubricant by ¥G 68 culling oil has reduced the dimensional inaccuracy remarkable in

compare to vegetable oil,
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Chapter 4

Conclusions and Recommendations

4.1 Coneclusions

Metal cutting fluids change the performance of machining operations because of
their lubrication, cooling and chip flushing functions. But lypically in the machining of
hardened steel maienals no curting fluid is applied in the interest of low cutting lorces and
low envirohmental impacts. Though dry cuiting of hardened steel gives low cutting forces
and better surface finish, it worsens the cutting edges of the 1ool rapidly due 1o softening of
the tool from the high cutting temperature. Minimum quantity [ubrication (MQL) prescnts
itself as a viable alternative for machining hardened steel with respect to chip formation,
curling temperature, tool wear surface roughness and dimensional deviation. Based on the

observation and the experimental results obtained, the following conclusions are made:

(i)  Application of minimum quantity lubricant (MQL) jet not only can reduce
cutting fluid requiremeni but also substantial technological benefits as has
been ohserved im machining hardened AISI 4320 steel by coated carbide

insert (SNMG-TN 4000).

{i) Due to the application of minimum quantity lubricant (MQL} in turming

hardened AISI 4320 steel, the shape and colour of the chips became



(iti)

{iv}

favourable lor more cffective and efficient cooling and improved chip-tool
interaction. Chip thickness ratio increases more predominantly by the use of
MQL than dry condition because MQL reduces the f{riction and
compression of the chip ahead of the advancing tool. MQIL. by VG 68
cutting oil shows the best results than vegetable oil and soluble oil in
respect of chip thickness ratio. Minimum quantity lubricant by ¥G 68

cutting oil has increased the chip thickness ration {r.) by 15 10 42%.

The present MQI. systems enabled reduction in average chip-lool interface
temperature upto 16% depending upon the types of cutting Muids and even
such apparently small reduction, unlike common belief, enabled significant
inprovement in the major machinability indices. MQL by VG 68 cutting oil

is more effective among the threg cnvironmenlts.

The most noteworthy contribution of application of MQL jet in machining
hardened AISI 4320 steel by coaled carbide insert undertaken is the high
reduction in flank wear, which would permit either remarkable
improvement in tool life or enhancement of productivity allowing higher
cutting velocity and feed. Such reduction in tool wear might have becn
possible for retardation of abrasion and notching, decrease or prevention of
adhesion and diffusion type t(hermally sensitive wear at the flanks and
reduction of built-up edge lonmation which accelerates wear al the cutting
edges by chipping and fiaking. Cutting (ool wear, flank wear in particular
have decreased subsmntially due to the retardation of the temperature

sensitive wear, like diffusion and adheston when nurning hardened steel
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(v}

(vi)

under minimum quantity lubricant by ¥G 68 cutting oil in comparison to

ather cnyvironments.,

The surface finish oblained with the use of MQL is better than thatl obtaincd
in the case of dry machining because MQL reduced auxiliary Mank wcar
that is responsible for surface roughness. also reduced or eliminated the
formation or possibility of formation of buill-up cdge due to reduction in
flank temperature. Cutting oil is the best performer than vegetable oil and
the higher value of reduction of surface roughness is chserved during

machining at 114 m/min with feed rate 0.10 mm/rev.

Minimum quantity lubricant {MQL) not only enhanced tool life but also
improved surface finish and dimensional accuracy mainly by reducing the
damage of the tool nosc in machining the hardened steels. MQL by VG 68
cutling oil and vegetable oif has reduced tool wear, improved surface finish
and dimensional accuracy in comparison o dry machining but MOL by ¥G

68 cutting oil performed better in comparison to MOL by vegetable oil.

4,2 Recommendations

(i)

In this research only one MQL jet is applied along the rake surlace. Other
application methods, for example, along the main cutting edge and flank
sulace, can he further investigated in the future, The best solution of
application methods to control tool wear and air quality can be offered

through studying those confligurations,
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(i)

(i)

(1)

All testing presented in this work used SNMG too! geomeiry. although it is
not expected that this geometry is optimal for any or all cases. Previous
work has shown that too] geomeiry alfects necarly everything about the
process: chip formation mode, cutting temperaiure, toal wear and failure,
surface finish, residual siresses, and white layer generation. So experimental
work should be used to idenify the best tool geometry for different

materials, cutting conditions, and applications.

This research work only focused on the effect of minimum guantity
lubricant (MQL) on tool performance and product dimension accuracy. To
achieve a bemer understanding of the machining process planning with
environmenlal concerns as a factor of consideration, the culting fluid
atomization behavior in near dry turning process in order to estimate the

resulting air quality can be further invesiigaied in the future.

In this work, the pattern of flow is not considered. 5o for future
investigations the pattern of [ow of jet can be measurcd, ie., whether it is
laminar or turbulent. Though turbulent flow is able to transport more heat in
comparison 1o laminar jet, but for more thinning of jet lamina [low jet is
preferable. With increase in air pressure and nozzle tip diameter, the
effective laminar flow pattern for more cllective and efticient cooling can

be casily maintzined.
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Appendix

Table-1  Chip thickness ratio (ry) under dry condition
Feed rate, f, | Cutting velocity, | Uncut chip Chip thickness, | Chip thickness
mmfrev Y, m/min thickness. a;, mm g2, mim ritio, T,
82 0. 09450 0125 .38
ot 114 0.09659 0.21 0.45
163 0.0%0359 0.19 0.52
&2 01159 .28 .42
0.12 i14 01150 0.24 .43
163 0.115% 0.21 0.35
%2 (L1352 0,30 (.43
0.14 114 01332 0.27 0.51
163 01352 .24 (.56

Table-2  Chip thickness ratio (r.} under MQL {soluble oil} condition

Feed rate, f, {Cutting velocity, | Uncut chip Chip thickness, | Chip thickness
mmTey ¥, m/min thickness, a;, mm &7, TNM ratio, 1,
32 0.09659 (.23 0.42
0.1 114 0.0%659 0.19 .51
163 0.0%659 0.17 0.56
32 01159 0.26 0.44
0.§2 114 0.1159 0.22 0.53
163 0.1159 0.20 0.58
82 0.1352 (.28 0.48
0.14 114 0.1352 0.26 0.53
163 0.1352 0.22 0.61




Tahle-3  Chip thickness ralio (r;) under M{Q)L (vegetable oil) condition

Feed rate. f, | Cutting velocily, {  Uncut chip Chip thickness. | Chip thickness
mmrev V, m/min thickness, a;, mm 8z, MM raho, 1,
82 0.09659 071 046
0.1 114 0.09659 a.17 0.57
163 0.09659 0.16 0.6
B2 0.115%9 0.24 (.43
0.12 114 0.1159 0.20 0.57
163 0.1159 0.19 0.6
82 0.1352 0.26 0.52
0.14 114 0.1352 0.23 058
163 0.1352 0.21 0.65

Table-4  Chip thickness ratio (r.) under MQL (VG 68 cutting oil) condition

Feed rate, f, | Cutting velocity, |  Uncut chip Chip thickness, | Chip thickness
mm/rey V., m/min thickness, a, mm dz, M ratio, r,
82 0.09659 018 0.54
0.1 114 0.09659 0.15 0.63
163 0.09639 016 0.65
82 0.1159 023 0.51
0.12 114 0.1159 0.19 0.61
163 0.1159 018 0.63
g2 00,1352 0.25 0.53
0.14 114 0.1352 021 0.64
163 0.1352 0.20 0.68
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Tahle-3 Chip-tool interface temperature (“C} uoder dry condition

Feed rate, f, mm/rev | Cutting velocity, ¥, jMilivoltmeter reading Temporature

m/min (mV) (")

82 12.68 889

0.1 114 13.54 S09
163 12,06 520

82 13.02 897

12 114 13.82 915
163 14.56 930

82 13,68 912

0.14 114 14.61 930
163 15.56 045

Table-6  Chip-tool interfuce temperature (* C) under MQL (soluble oil} condition

Feed rale, [, mm/rev | Cutting velocity, V, |Milivoltmeter reading Temperature

m/min (mV) ("C)

¥ 10.4 220

0.1 114 17 4% 384
163 13.12 300

82 10.28 816

.12 114 11.04 B42
763 1213 874

82 10.94 Big

0.14 114 11.82 805
163 12.32 270
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Table-7 Chip-tool interface temperature ( * C} under MQL (vegetable oil)

condition
Feed rate, [, mm/rev | Cutting velocity, ¥, [Milivollmeler reading Temperature

mémin (mV) ("o

82 914 773

0.1 114 10.34 BI8
163 11.22 347

82 9.78 TO8

.12 114 10.74 B3l
163 11.49 B36

82 10.18 812

0.14 114 10.9 B37
163 11.94 869

Table-8  Chip-tool interface temperature ( o C) under MQL (VG 68 cotting oil)

condition
Feed rate, [, mm/rey | Cutting velocity, ¥V, |Milivoluneter teading Temperature

m/min (mV} ('Cy

B2 8.52 747

0.1 114 9 14 773
163 9.88 201

82 9,32 TRO

0.12 114 0 74 796
163 10.08 ang

B2 0.66 7593

0.14 114 10.33 218
163 11.02 B41
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Table-9 Tool Wear under dry condition

lime | Average principal tlank | Average maximum flank | Average avxiliary flank

{min) wear (YB). um wear [VM}, um wear (V). um
0 L 0 0

1.27 635 73 52

2.54 10 110 77

3.81 125 137 98

5.09 145 157 115

6.36 160 170 129

7.63 175 120 142

3.90 185 188 155

10.18 200 196 168

11.45 215 207 183

12.72 230 222 200
14 245 243 222

Table-10) Tocol Wear under MQL (vegetable oil) condition

Time | Average principal flank | Average maximum flank | Average auxiliary flank
{min) wear (VB), pm wear [VM), pm wear (VS). um
0 0 0 L
1,27 50 53 36
2534 [ 79 55
381 20 97 T2
5.00 109 111 36
8.36 14) 121 g9
7.63 13{) 130 112
E.90 140 139 125
10.18 150 146 138
11.45 162 161 153
12,72 175 178 171
14 150 202 1491
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Tahle-11 Tool Wear under MQL (VG 68 cutting oil) condition

Time | Average principal flank | Average maximum flank | Average auxiliary flank
{min) wear (VB), pm wear { WM. pm wear (V3). pm
0 4 [l i
1.27 38 a7 29
2.54 56 36 46
3.81 71 70 59
5.00 42 79 70
6.36 03 ko 78
7.63 106 92 B6
3.50 114 9% a3
10.18 121 108 101
11.45 131 120 112
12.72 140 138 125
14 148 163 142
Tahle-12 Surface Roughness (Ka), pm
Feed rate,| Cutting velocity, Environments
[, mmdrey ¥, m/min Diry MOQL ML MOQL
{Soluble oil)| (Vegetable oil) (VG 68 cutting oil)
32 0.7 .68 0.62 0.55
0.1 114 .63 0.6 (.55 {).46
163 0.59 0.55 {13 0.4
a2 0.75 0.7 (.66 0.0
0.12 114 0.73 (.68 0.63 0.57
163 .87 0.43 0.6 0.54
&2 0.85 0.8 0.75 0.68
0.14 114 . 08 0.7% 0.72 0.62
163 078 0.75 0.68 0.58
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Table-13 Surface Roughness (Ra) with machining time (um)

Time Environments
{Min) Dry MQL (Vegetable cil) | MOL(VG 68 cutting oil)
0 { {} 0
1.27 1.02 .76 .54
2.54 1.54 1.18 .82
3.8] 1.50 1.46 (.98
5.09 2.12 1.64 1.04
6.36 2.24 1.74 1.04
7.63 2.30 1.80 1.06
8.90 2.34 1.84 1.10
10.18 2.42 1.94 1.15
11.45 2.56 2.08 1.16
12.72 2,50 2.32 1.25
14 3.20 2.68 1.46
Table-14 Dimensional Deviation {pm}
Lzngth Environmenis
{mim) Dry MOL {(Vegetable oil)  [MOL (VG 68 cutting oil)
Q) 0 )] ]
10 18.75 12 5
20 36.25 25 15
30 46.23 335 22
40 56.25 45 30
S0 67.5 58 39.25
60 76.23 635 48,75
70 85.5 75 58.5
80 9375 33 64
20 103 82 733
100 115 103 33.25
110 123.75 112 90.25
120 132.5 120.5 97.3
130 142.5 127.5 109.75
140 151.75 132.5 117.5
150 160.25 141.5 123.5
160 168.5 150.5 133
170 173.25 159 140
180 181 163.5 148
1940 189.5 172.5 153
200 199.5 [82.5 160
210 210.5 152 168
220 220.5 202.5 173
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