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Abstract

A ditTicult-to-cut material like hardened sicel is uscd predominantly in the
automotive and bearing industries due to ils exceptional comosion and thermal resistance
and high shear strenpth. Abrasive machining processes such as grinding have Lypicaily
been required 10 machine hardened steels, hul advances in machine lools and cutting
materials have allowed hard (urming 0 modern lathes to become 8 realistic replacement
for many prinding applications. Despite s0 many advanlages, implementation of hard
turning remains relatively low, primartly due to concerns about the quality of hard turned

surfaces and a lack of undenilanding about the wear behavior of cutting tools. In general,

the highest amount of malernal in the shorest possible time using tools wilth the longest
lifetime. Combining all the parameters involved in the machining process to maximize
produclivity is, nevertheless, a very complex task and becomes much more difficult when
working at high speed machining in hardened steels. To address this concern, this research
investigated the cffects of changing process conditions on wear behavior when tuming

hardened medium carbon steel (56 HRC) with coated carbide cutting tools.

The awim of this research s o investigate the influence of feed rale and cutling
speed on Lhe wear behavior of both SMMG and SNMM coated carbide inserts under high
presswre coulant condition. Investigation on the elfect of high pressure coolant on the
machined chip, cutling lemperalure, cutting forces and product quality is the pnme

intention of this research.
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‘I'o become a realistic replaceinent for grinding opemtion, surface roughness
produced by hard tuming must be comparable to grinding process if hard tumed surfaces
are to be nceepted. Steady and progressive surface rouphnesses with dimensional deviation
have been investigated in this rescarch work. The resulls indicate that proper selection of
mochining condition and bigh pressure cooling system yields acceptable dimensional
sccuracy and surface quality. [t also allows adequate tool life by keeping the cutling zone

temperature and cutling foroes at lower levels.
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Chapter-

| Introduction

1.1 [ntroduction

Maunufacturers generally attempt to prgduca a product within the shortest possible
time keeping the cost of the product at a minimum level without aflecting the quality of
the product as well. As, environmental regulations arc being cmerged and imposed, the
manufacrurers are put to re-fabricate their manuf';;uturing proccsses and reduce or eliminate
harmfa! chemicals, dusts and eltluents associated with machining that can deteriorate the
cnvironment. The harmful wasle present in machining includes curting fluid, chip and

worm out cutling tool.

We measure the performance and service li{c of an engineering componcnt based
on ils dimensional and form accuracy and surface guality. ;!xﬁ:er bulk materiai removal by
machining we have to perform grinding as a finishing operation to aftain the desired
accuracy and surface integrity. ‘Lhe ever increasing demand for higher productivity,
product quality and low production cost in manufacturing by machining and grinding,
parlicularly to meet the challenges thrown by ]iherélizatic;n and global cost
competitiveness, insists high matcrial removal rate and high stability and long life of the

cutling tools.



In practice, high production machining wilk high cutting velocity, feed and depth
of cut i3 intnnsically associaled with the generation of huge amount ol heat that ultimately
consequences high cutling temperature at the cutting zone. This high cutting temperature
nol only reduces dimensional accuracy and tool life but also adulterates the surface
integrity of the product. Grealer energy consumplion leads 1o more severe thermal effects,
eventually muking the melal cutting process more and more incompetent in terms of tool
life, dimensional accuracy and material removal rate. Elevated tool temperatures have
negative impact on tool life. The chip-lool inlerface temperature plays a vital role in the
thermal distortion and dimensiona) accuracy the machined part and in the tool hife as well.
I also weakens the surface inteprity of the groduct by inducing residual stresses in the
surface and subsurface micro-cracks in addition 10 rapid exidation and cormosion, Tool
becomes solicr and wears more hastily by abrasion as wemperature is increased. [n many
cases, constiluents of the ol may dilTuse into the chip or react chemically with the work
piece or cottmg fluid. So, our eftorts should be focesed on reducing the cutting zone

lernperature as [ar as possible.

When carbude wols were introduced with other new methods of machining, the
efficiency of the metal cetting operations improved o a certain extenl under normal
cutting condilions. Presently the high iemperature problems are tried 1o be eliminated by
reducing heat generation and removing the penerated heat Trom the cutting zone by using
the combination of optimum machining parameters along with the work and tool material
and application ol effective cutting fiid. he foremost process parameters in this casc are
the cutting speed, [Ged rate and depth of cut. Some recent echnigues have enabled panial

control of the machining temperature by using heat resislanl tools like coated carbides,



rCD, CBN, PCBN clc. However, diamend and CBN tools are very expensive and the
practices in the mdustry are still not wide spread. Machining productivity can he
signilicantly improved by employing Lhe righi ¢ambination of cutling tools, cuiting
conditicns and machine (ool thal prop up high speed machining withoul compromising the

inteprily and tolemance of the machined components.

Ower a long period the mwnnufacturers have been trving 10 reduce cutting
temperature by applying waler soluble cuting flwid from overhead position. This type of
cutling {luid not only cools the wol and job but also provides lubrication and handles the
chip to clean the cutting »one amd profects the naseent Bmshed suduce from conlaminalion
by the gases{such as; oxygen) present in the atmosphere. But these conventional types of

cooiants and the methods of their application surcly have some hmutions.

With the increase in cutling velocity and feed it becomes almost impossible for
the cutling fluid to enter into the chip-lool intcrface to cool and lubricate the imerface duc
0 hulk plastic contact of the chip with the ol rake surface. Besides, often in bigh speed
machining the cutting {luid may caus: premature failure of the cutting 100l by fracturing
due 1o close curting of the chips and thermal shocks. This is for why the application of
watcr based cutting fluids 15 generally avoided in machining siecls hy brittle type cutling
tools like carbides and ccramics. The smore severe apprebensions associated with the use of
cutting, fluid, paricularly oil-based 1yn: are the pollution of the working environment,
waler pollution, soil contamination and possible damage ol the machine tool slide ways by

COITUSION.



in conventional cooling syster, the culting zone is oflen NMooded with coolant
without considering the requirements of (he specific process. Scientilic investigations and
industrial applications have indeed shown that the type of coolant and its supply inftucnce
the quality of product and ool lHe Lo a great extent. Bul in some cases. application of
cutting Muids is considered undesirable, especially in machining some alloys and heat

trealed] matetials,

{he munubaciurers in modeirn industries are, therefore, searching for possible
means of dry, and poliution free machining. In order to control high cutting temperature in
high speed machining, some alternative methods has been reported. Typically the high
culting temperature is contralled by profuse cooling {1-3]. But such protuse cooling with
conventional cutting {luids is not able to selve these problems fully even when employed
in the torm of jet or mist. With the advent of some modem machining process and harder
materials and for demand of precision machining, the control of machining temperatare by
more etTective and elTicienl cooling has become cxtremely essential. Cutting forces and
temperature is reduced while machinmng steel wilk wribologically modified carbide insens.
Coating technolopy improves dry lubrication under normal cutting conditions. Near dry
machining technologies or minimum guantity lubnication (MQL.}, which uscs the fine
spray ol cooling medium, are being perused as allernatives [or conventional coolants.
Cryogenic machining with liqud wilrogen and machining with minimum quantity
lubrication {(MQL} has improved machinahility of steel to a certain extent under normal
cuning conditions. 1t has alse been reparied that though the machining of steel with qusd
nitrogen improves the machinability incex: it is notl used in industrial practices due W high

cost of liquid nitrogen and sharp increment of notech wear under nirogen rich aimosphere.



Nigh Pressure Coolant delivery is an emerging lechnology Lhat uses up to 3000
psi (205 bars) 1o deliver a high velocity jet of conlant 1o the cutting zene. The combination
of fluid volume and high velocity provid=s a major improvemnent to the machining process
over Lhe traditional flooded delivery. Long stringy chips are broken up and rapidly ushed
from the cutting edge so thal they are not cut again hy the tool, providing longer toot life
and a better tinish. Heat is reduced at the tool that significantly exiends its life, Grealer
lubricity of the coolant is achicved by the high velocity jel between the chip and the
cutting 1ool. Preductivity and quality are maximized and coolant Iife 15 extended. The high
pressure and high volume delivery of clean coolant to the cutting surface permit increased

too] Jife and higher rotationu] speeds with reduced cycle time.

Under these considerations, the coneept of high-pressure coolant presents itsell as
a possible solution for high speed machimng in achieving slow tool wear while
maintaining cutting forces/power at reasonable levels, if the hiph pressure cooling
parameters can be stratepically wuned. Marurkiewicz ¢t al. [4] reporied that 2 coolant
applicd af the cutting zone through a hogh-pressune jet nozzle could reduce the contact
length and coeflicient of friction at chip-tuol interface and thus could reduce cutting forces
and increase tool life to seme extent. [t has been reportad that the cooling and lubncation 1s
improved in high speed machining of J-fficult-to-machine materials by the use of high-
pressurized coolantfubricant jet [2]. Fligh-pressure coolanl injection techmgue not only
provided reduction in cutting forces and twmperature but also reduced the consumption of

cutting {Tuid by 50% |2, 5]

The overall success of implementing this techuology in the rcalm of metal

removal industries theretose depends on increased research activiues providing credible



data for sound understanding of high-pressure coolant supplics at the chip-tool interface
and integrity of machined componenis. In this regard, the present rescarch work is carmed
out to experimenially investigale the roks of high-pressure coolant on chip morpholegy,
average chip-tool interface temperatere, cutting force, feed foree, tool wear, dimensional
deviation and surface finish in wening hardened medivm carbon steel, at dilferent cutting
velocity and feed combinations by coated carbide insert under completely dry and high-
pressure coolant conditions and to find out the advantages of ligh-pressure cootamt
machining over dry cutling. So, the aim of the high-pressure cocling system is to improve
the quality of the surface machined (toughness and accuracy) and to prolong the ool life

under high speed machining as well.

1.2 Literature Review

1.2.7  Introduction

Hard tumning differs from conventional tumning of softer malerigls in several key
ways. 13ecause the matenal is harder, specilic cutiing forees arg 1arper than in conventional
turming, and thus the engagement between culling tools and the workpiece must be himited.
At the small cutting depths required, cotting lakes place on the nose radius of cutiing Lools,
and the tools are typically prepared with chamfercd or honed edges o provide a stronper
edpe geometry that is less prone w premature fracture. Bdpe preparation is cntical for
ceramic cutting 100ls, which are required hecause they maintain adequale hardness even at
the elevated temperatures that are developed when machining hardened stecls. Cutling on a

chamfercd or honed edge equates to a large negative effective rake angle, while neutral or

(]



positive rake angles are typical in comvernlional max_:'lli[lripng. The large negative rake angles
yield increased cutting forces compared to machining with positive rake tools, and also
induce targer compressive loads on the machined surface. [figher temperatures are also
penersted in the cuiling vone, and because culting is typically done withoul coolant, hard

tummed surfaces can exhihit thermal damage in the form of micro structurai changes and

tensile residual stresses.

1.2.2 Research on Hard Turning

As larpe cutting force is associated with bard turning, rigid and precisc machine
tools arc prime prerequisiles to expel any vibration or chatler. In juxtaposition with the
invention and development of new cutling tool materials and the ngid machine wols hard
turning have become 2 practicable process. TeonsholT et al. |6] found that the large negative
rake angles (Irom the edge chamfer) on 1ools used for hard machining vield large dynamic
thrust forces that require  adequate machine rmigidity, spindle  power, damping
characteristics, and accuracy o motion along the axes of the machine. Bosssom | 7] found
that tools with chamfered edges produced cutting forves twice as large as non-chamfered
toots. Chryssolouris [8] showed that when machining in a poor stiflness setup, ools faiied
quickly due to edpe fracture. These ueeds have led to recent machine tool designs that
improve stifiness and damping hy <cverat metheds, New machines have incorporated
polymer ::::-mpn:-:iltc materiafs in the machine hase, reduced the numher of joints in the
maching, and developed improved slide ways such as hydrostatic desiens {9, 10].

Advances in the conirol capabilitics have also improved the accuracy of the machines.



I owoeeld b wdeal 1o L‘:]imil’]iljl: atl machining operations, including both hard
turning and grinding, hecause they are wasteful processes that are not padicularly efficient.
However, many parts specifications necessitale that finish machining be donc aller heat
treatment. |listorically this has been done by grinding, and hard turning must be capable of
producing  similar peometric precizion and quality surfaces. Several studies have
investigated the capability of the process o compeie with grinding, and most have
comeluded that at proper conditions with a good machine, hard tuming can produce
dimensional accuracy and surface Iinishes acceptable for most applications. Matsumoto et
al. [11] were able to hard tum parls with surface (imish mnging from 0.043-0.197 um, and
sorface waviness (rom 0.775-126 gm. They had determined that requirements for a ball
bearmy surlace were less than U.2 pum lor K osurlgce hmish and less thah 1.3 pum for
waviness, Similar resulis were found by Jochmann and Wiz [12]. who produced
consistent peak-lo-valley finishes below 1.0 pm, roundness below 0.2 pm. and eylindricity
below 1.0 um. Abrao and Aspinwali [13] were able W produce a surfuce Ninish with

roughness valme R as low as 0014 pm

Fig. 1.1 Saw-toothed chip produced by hand tuming [14]
A signilicant amount ol research in hard tuming has focused on understanding

chip formation. The mechanics of chip formation in hand tuming are very unlike chip



formation in sotter steels, where continuous chips have typically been observed. This type
of chip formation was the basis of surly machining models as shown by Merchant [14] and
Lee [15]. However, many machining oporations produce cyclic chips that can be desenbed
as Lhe wavy chip, the catastrophic shear chip, the segmental chip, and the discontineous
chip |¥6]. o hand turning, periodic sew-loothed chips have been observed by many
rescarchers, as seen in Figure 1.1, Two separate explanations of the mechanism that causes

this type of chip formation have developed.

The [irst theory sugpesis thal chip sepmentation is imtiated by shear fracture,
caused by a compressive siress induced Ay the cutting ool that exceeds the entical shear
siress of the maienal o the free surface of the workpieee [17, 18], The crack creeps toward
the cutting edge wntil the compressive strength is sufficient to stop crack propagation and
cause plastic defonnation of the mmaining portion of the chip segment along the fracture
jine. As the tool continues to move, the chip segment is pushed out along the raclure fme,
and a new chip segment forms as the compressive siress builds and a new shear racture

initiales ahead? of the culling cdpe.

A second theory describes the chip sepmentation mechamsm as catastrophic
strain localization |19, 20| Strain localization occurs when thermal soflening behavior
dominales over the efleets of slrain rave hwrdening i the shear zone, ‘This behavior has
been abserved in many materials with poor thermal properties, such as tilanium and nickel
alloys. These materials” ability to delonn plastcally can vary with wmperature due 1o a
possible phase Lransformation and the iesulting changes in crystal structure [16]. The
conditions for strain localization are typically met when the strain rate exceeds a cntical

value. This critical strain rate is a matenal property, and can be execeded with increasing

O



cutting vetocity, Lividence of this theory s the onszt of chip segmentation abave a critical

cutting velocity |21

I hard tuming is to replace any grinding operation, it must he capable of
producing surfuces of acceptable quality. This includes both the surface topography
(surface finish) and surface integrity. which is achieved when “the surlace ol a component
mects the demands of @ specific sticss system and environment”™ [22], Field et al, [23]
defined  an “extended  surfuce  inteprity  data set” which includes: surface  finish,
microstruciure:, microhardness, latgue resistance, residual stress state, and frctional

characteristics.

whnte L ayrer

H
-
a
-
+
+
b
+

J.ni.{.

Fig. 1.2: I'vpical whitc layers |24
There are two major 1ypes of surface damaie that can be caused by hard turmng.
The first 1 while layer, which has generally been assumed to result frem temperatures
generaled at the workpicee surface that cxceed the austenitizing temperature of the
material, followed by rapid covling. The second type of damage 1s the formation of
undesitable residual stress proliles al, and just below, the workpiece surface. Mechanical
loading,, plastic Now, and phase transiormation can affect residual stresses, but nepative

effects are primarily due to the elevated temperatores. during machining. Thus. the two

19
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types of damage (white layer and ensile residual siress) are related and have generally

been investigated together. Uypical while layers from machimng hardened sleels are
shown in Figure 1.2, Notice that even when white layers exist, the thickness is very small,
Abrao and Aspinwall |25] reporiced that at a range of test condilions, the thickness of the

transtormed layer was below 3 pm.

[t is yencrally believed that generation of white layer requires both excessive heat
at the workpiece surface and subsequent rapid cooling. Heal generation is attnbuled o
large amounts of epergy gencraied in the shear region during chip formation and o the
frictional enerpy between the tool (ank and workpiece surlace. Elowever, expenmental
results disagree aboul the souree of rapid cooling. Tonshoff et al. {26, 27] performed hard
tuming experiments with and without coolant and found the white layer mapnitude was
tdentical, indicating thal workpiece self-cooling, and not coolant, must he responsible for
quenching of the workpiece surlace. This argument 15 reasonahle because the heat-alfected
zone is small in hard tuming, and beczuse the cutiing velocilies are large enough that the
contacl time between the ool and workpiece is minimal. Therefore, it is possible that the
hulk workpicce matenal acts ax 3 heal sink and draws heat from the surface to creale a
selil-cooling effect. lowever, Komg ¢t al. [28] lound that cutting with a worn tool
produced white Iayer, bul thal simalar cutling conditions with the application of coolant

resulted in undamaped surfaces.

Many rescarchers have paid considerable atlention to the peneration of while
layer because il appears similar 10 thermi! damage generated 1n gnnding that 15 referred Lo
as “grinding bum.™ To determine the stucture of white layer, Tonsholl et al. [26] used an

X-ray technique 1o determine the scparate structures of the bulk workpiece malerial and
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the white layer region. The results showed that for 16 MaCr 5 sieel hardened to 60-62
HRC, the bulk material was compesed of approximately 75% martensile and 25%
guslenite. The white laver consisted of only 30% mardcnsitc and almost 70% austenite.
However, inspection ol chemical concentrations when machiming ASTM 31135 showed no
diffecrence between the surface layer and bulk [26). Apparenily, the crystallographic

structure may change, but there 15 not ufficient time for difTusion.

Grilfiths [29] reported three situations where whiie tayers have been generaled:
surfaces subjecied to significant rubbing and wear (railroad tracks as an example), surfaces
that see similar conditions resulting from pin-on-disk tzsting, and surfaces that undergo
certain muchining processes. Bnnskmeisr and Brockho!T [30] presented evidence (hat in
addition 10 muchir;ing condittons, malcrial properlics aflect white layver peneration. They
attnibuted formation of all while layers o heating and gquenching of the material, and
concluded that chemical compusition of the material alfects the transformation. Grilfiths
[29] did nod agree that all white layers ;e caused by a transformation, and sugpested that
otber causes may be swface rcactions with the environment and plastic flow that causes
grain refinement. Several publications have proposed that white layers may have increased
hardness melative to the bulk matenal (M-32]. Others have reponed ncarly identical

harmdness in the white lavers compared -aith the bulk material |33).

To discuss the elfects of hard reming on mesidual stresses, the surface influences
of hard tuming comparcd 1o gonnding should be mentioned. Compared to grinding, the
force components are large, paicularly the thrust lores, which 1s pencrally lurper than the
cutting torce in hard turning. [ the tool loading i< thoughi of as a Hertzian coniact, the
maximum compressive stress induced (o the workpiece oceurs at a depth approximately
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.7 times the contact urea of the onl. Because the conlact ares js larger than grinding (a
single grit) and load is increased. larger residual <ompressive stresses that penetrate deeper
below the workpiece surface result in hard tuened components. This was verified by
Brinksmeier ¢t al. [34] and Koniy et al. [35). As expected, the magnitude and depth of
residual stresses are a funclion of 1ool geometry and process conditions [11, 31, 34 and

36].

Unlike residual tensile stress, reasonable levels of COMpressive slress are
desirable. Based on the residual strss caused by mechanical loading only, hard turmed
suraces should exhibit increased fatzgue life compared 10 ground surfaces. However, the
undesirable tensile stresses pesierated by heat are superimposed on the compressive stress
[27, 35]. As tool Hlank wear increases, so does the i rictional energy between the tool Mank
and workpiece, as well as the depth of the compressive siress induced by mechanical
loading, Thus, increased 100l wear tesults in larper tensile stresscs near the surface, which
ts then followed by steep stress gradicnts with a larper compressive stress further below
the surface. ‘The stress patiern with less overall change was gencrated by a tool with very
little lank wear compared to the other stress paticrn, which was penerated with a

significantly wom tool.

In adgdition w too! wear, 100/ cdge geometry has an effect on the residual stress
profiles that ane generaled. Kishawy and Elbestawi (37} investigated the effect of the edpe
preparalion in combination with cutling speed on the residual stresses of hardencd D2 o}
steel. Thiele et al. [38] reporied the elfvets of ed ge peometry, leed, and workpicee material
hardness on subsurface deformation and residual stresses when finish machining hardened

AIST 52100 stecl.
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While much attention bas been paid Lo the influence of hard tuming on surface
integnity, surprisingly little has been done lo understand the effects of resullant surface
inteprity on performance (wear resizlance, strength, fatigue resistance, cte)). Significant
concemns exist about while layer and tensile residual stresses on the workpieee surface, but
most research has disputed these concerns about hard tumed surdace quality. (Gmlhiths and
Furze [39} showed that white Jayers educed wear when running block-on-ring tests on
EN24T (similar to AISI 4340). TensholT and Brinksmeier [40] attempted to use micro-
hardness and residual stresses w identify mechanical and thermal influences on the
workpicce and relate this to functional ehavior. Matsumoto ct al. [41] My cut AlS1 4340 at
58 HRC and found that hard machived faligue samples exhibited slightly increased
endurance limits comparcd 1o ground samples. Rotating bending lesls showed a 7%
decrease in fatigue limit with increasced wol wear {26]. The results also indicated that hard
tumed surfaces always exhibited comparable fatigue strength 1o ground surfaces. Abrao
and Aspinwall |13] pertormed axial fatigue tests on hard turned bars, and found that bars
turmed with PCBN Lools performed better tban bars machined with alumina tosls and also
better than pround surfaces. Matsumcto et al. [42] showed similar resuits, indicating that
hard tumed and superfinished components had comparable or improved latigue life, Smith
|43 found improved wear resislance and axial fatipue life on hard turned sudaces, even

with white layers.

[ven if the issues of machine ol design, dimensional accuracy, and surface
inteprity can be addressed satisfactonly, tool wear remains a major obslacle 10 further
implementation of hard turning. Most research in the area of tool wear has focused on the

influence of tool material propertics, workpicce material properties, and cutting conditions
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on wear behavior, although some stud-es have also reported the eflects of wear on surface

integrity,

Resistance to tool wear is relatsd to CBN content. grain size, binder matenal, tool
geometry, cutting edpe geometry (sham, honed, or chamf{ered). workpicce properties, and
cutting conditions. The effects of tool wear include: reduced tool life, increased surlace
roughness, increased cutiing lorces: mere tensile residual surface stresses, and increased
whitc layer thickness. While tool wear and too! life ultimately dictate whether or not hard
turning can produce acceplable surfaces over the life nf a tool, and whether or not i1 can he
justified economically compared to grinding, research in the area of tool wear seems to
have take a back seal to studies of ¢hip formation and surfacc integnty. This seems
unfortunale hecause the rescarch has shinwn that aceeplable surfaces can be produced at
proper conditions, so for many applications uncertainty about wear behavior 1s all that has

limited hard turning.

Toal material properiics and warkpiece properties obviously affcct the wear
behavior of tools. Several cfforis hav: focused on tool composition, with the poat of
determining, optimial mixtures for the composile lools used in hard turming. Bessom (7]
showed that low CBN conient tools {<70% CBN) produced betier tool life and sorfaces
than high CBN content tools (>90%). Similar results have been cited by many others |42].
Takatsu et al. [44)] performed tests on 38 51132 bearing steel hardened 1o 62 HRC with
toods that were identical olher than CBN content. They found that Mank wear and crater
wear were both minimived at a CBN porcenlage of 55%. This conlirms that lower CBN
content tools perform better than high CDN conlent lools, but no consistent explanation for

the improved performance has been presented.
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Workpiece material propertice also alfect the wear behavior of PCBN tools in
hard machining. Lue 1 al. |45] machined AlS] 4340 steel at hardness ranging Irom 35-55
HRC. and found that hardness alfected cutting, [orees and {ool life, Both culting forces and
ol life were optimal (low lorces, long lile) at o workpiece handness of 50 HRC,
Matsumoto and Naruleki [46] found sdhesion of wron on Lhe tool face when tuming
hardencd steel with a high CBN coment tool, and proposed that this adhered layer
contributed to decreased tool life. [Nowever, they alse found that adhesion of MnS on the
tool tace when machining a carburized beaning sicel created a lubneating layer that
reduced tool/chip fnetion and increased ool life. 12arry and Byrne [47] found a 400%%
dittercnee in the wear rate of nominally similar 4340 stecls with only slight differences in

the workpicee inclusion content and size.

i seems that no cohesive body ol knowledpe has developed 10 explain the
interactions between the cutting tool and workpicee that lead to tool wear. Surcly rescarch
will continue in this area until wear phenomena are betler undersiood. In the meantime, it
15 also important 1o undemstand the ellect of ool wear on the hard tuming process, and
more specilically, on the quality of machined surfaces. Since much aticntion has been paid
to surface inteprly, the general influerce of tool wear on white layer pencration and
residual stresses 13 better known that the mechanisms for wol wear itsell. In peneral, CON
loods form scars on both the lank and rake surlaces of the culting tool. Historically, Menk
wear has been studied more than crater wear because it 15 ¢asier 1o measure and because it
is believed to relate more directly 1o surface fmish and surface inteprity [25]. Increasing
flank wear lends 1o increase the friction between the tool and workpicee, and the additional

heating that results trom friciion was shown to cause white layer formation by Konig et al.
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[35]. They also reporied (hat the thernal elfects. fiom .increased friction lead to more
tensile residual stresses at the workpicee surface, but more compressive subsurface stress
profiles. Chou and Barash {48] suppestud thas Rank wear is the main contributor to white
layer formation. Chou and Evans [49] showed that surface roughness and culting forces
increased significantly with Mank wear when tuming M30 steel. They found similar results
for M50 formed by powder metallurpy [30] and Sista et al. [51] showed simiar resulls

when hard luming M2 ool steel.

Because wol wear affecty cutling torces, culling iemperatures, resullent surface
guality, and tool tife, il is important te. quantify (his behavior and relate it to changing
provess conditions, A summary of the literature indicates that tool wear tends to increase
workpicee temperatures, increase cutling Torees (especially the thnst foree), cause more
tensile residual stresses, pencrale ferrer white layers, and diminish surface [inish.
However, most work has been qualitative in noture. Research that investigated wear of
different prades of tool matenals on various workpiece malerials has not produced
quantitative descriptions ol wear modes, Rescarch focused on the effects of wear on
temperatures, forees, und surface guality has not sufliciently described the condition of the
cutting tool, because the eltect ol the craler scar on the cutling process has been neglected.
Surprisingly, the eflects of process condiions (speeds, feeds, and depth of culsy on wear
behavior are relatively scarce in the literature. Thus, this research aims to describe in a
quantitative way the influence of culting condilions on the chip formation mechaniam,
wear behavior of carbide tool und relate the wear behavior to changes in cutting

temperatures and resultnt surlace gualily.
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Machinability of materials usualty judged mainly in respect of chip morphology,
chip ol inleraction, cutting lemperature, cutting forees, dimensional accuracy, surface
integrity and wear and life of cutting tool with using cutting Muid and without using cutting
fluid. Heat gencration and high cuiting temperature is inherent characteristics of machining
due 10 shearing of work material, friction between the Nowing chips and rake face of the
tool as well as friction of auxiliary flank with finished surface. At such clevated
temperature the cutting toot if not enough hot hard may loose their form or stability
quickly or wear oul rapidly resulling in increased cutting forees, dimensional inaccuracy of
the product and shoner ool like, The magnioede oi this Culling temperature increases,
though in different degree, with the increase ol culling veloeity, feed and depth ol cu, as a
result, high production machining is consirained by nse in temperature. This problem
increases further with the increase in strength and hardness of the work material. 1sually
water soluble cconventional cutting fluid is apphed to comrol such clevated cutting
temperature bul it is inclictive in high speed machining and also is a major source of
environmental pollution in the machininyg industrics, Research has also been initiated on
control such polivtion by neat and clesn machining like Cryopenie cooling, MQL cooling
and high-pressure coolant (1H1PC) machining and their technological effects padicularly in
temperaiure intensive machining and grinding. A brigl review of soeme of the interesting

and imporant conlributions in the closely related arcas is presented in this seclion.

The high specific energr required in machining under high cutting velocity and
unfavorable condition of machining resulis in very high lemperature which reduces the
dimensional accuracy and ool lile by plastic delormation and rapid wear of the cutling

points [52-54|. On the other hand, such high tempersture impairs the surface integry of
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the machined component by severe plastic flow of work material, oxidation and hy

inducing large tensile residual stresses, < urfece and subsurface cracks [53].

The mechanisms of material deformation, friction and material removal lead 1o
the initiation of machined components, where the iemperature of the rake and flank is the
most imporant factor to alfect 1he chip formation, towl wear, cutting forces and surface
integrity |5, 55]. At elevaled temperature and pressure: the cutling edpe deforms plastically
and wears rapidly, which lcad to dimensional inaccuracy, increased cuiting forces and

premature loed failure {56].

According to Muller and Blumke [87], high speed machining for a piven material
can he defined as that speed above which shear-locaiization develops completely in the
primary shear zone. Fkinovic ¢t al. [58] showed that when hardencd steel is machined,
high speed machining conditions appeared at cutting speed above 150 m/min. Their
conclusion was drawn on the basts of evaluation on chip shape coliected during

machining,.

N el al. |59) proposed thal there 1s a peak cutting temperature al an intermediate
colting speed and when cutting speed 1 imereased fram (his point, there is a reduclion in
temperature. Since this claim most of the literature has concluded thal then: 15 no
cormesponding reduction in lemperalure at higher cutting specds. Conversely, Vernoen and
Ovel 160] stated that the bmit of cullinp speed is a function of the cutting tools used.
Fkinovic ¢t al. {61] sugpested thal femperature is incrcased with culling speed up to
maximum which is equal 1o the melling point of the work piece. No temperature reduction

eccurred al higher cutting speeds. Bul tiere s ne fixed limil to the cutting speed when
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machining aluminum alloy because the melting point of this alloys {up to 600°C) 15 lower
than the tempersture al which cemented carbide and ceramic tool materials begin to lose

their strength and wear rapidly.

Culting chips becomey blue in color due to intensive high temperature during
machining. With the increase in cutting speed, feed, depth of cut and hardness of the work
material the chips tums to gracual decp blue. Kosa and Ney [62] sugpested that in
machining ductile metals, the heat and temperature developed due to plastic deformation
and rubbing of the chips with tool, may cause continuous built-up of welded debris which
alYeets machining operation. Austenitic stainless steels are generatly considered difficult-
to-machine because of high work-hardening raie, loughness and ductility. Therefore, Wols
will be subjecied to high frictional heat, and chips will have 2 tendency (o stick and cause
severe buili-up edpe formation. 1t was ohserved (63| that, in machining ductile metals,
producing leog chips, the chip-toot contact length have a direet influcnee on the cutting
temperature and thermo-chomical wear of cutling toals, The cutting temperature becomes
the maximum on the ruke (ace of the ool at a2 cerlain distance from the cutting edpe where
cratering oeeurs. Such high rake face temperuture can also raise the temperature at the
Mank of the tool. Komanduri and Schroede: |64] reporied that machining Inconel with hot-
pressed coramic and cubic baron nittide cutting: teol produces difierent types of
longitudinal chips. At lower speed (<30 m/min) the chips are mechanically continuous
atthough highly coiled. With increased speed (up to about 91.5 m/min}, shear localization
is initiated. The chips formed ane comprised of many segments strongly joined together
forming 4 conlinuous tight coil. With a further increase in speed, the extent ol contact

between the segments decreases. At about 152.5 m/min, shon chips with only a few
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segments joined together are produced, und from this speed onward, the chip segments are
completely isolated. Pashby el al. |65] | roposed that the cutling speed at which a change in
chip form oceurs varied from teol material (o tool matenial. Kitapawa 1 al. |68 conducled
experiments with ceramic lool under licod cooling condition and concluded that with
increase in cutling speed, sermattons in the chip become obvicus and the chip thickness

decreases.

Vicugels {67] observed (hat the contact length between the tool and chip has a
direct influence on the cutting temperatures and the amount of heat cnergy thal s
dissipated in the wol which enhances thermally activated chemical wear. oropov and Ko
|68] alse rmeporicd that. im machinine duciile metals, the chip conwet length plays
signtficant role on the chip and tool temperature which becomes maximum almost at the

centre of the chup-loai cantact surlace ahere craler wear begins and grooves intensively.

Ciencrally. shear anple decrcases with increase in cutting velocity and # high shear
angle improves the machinability of steel. Masatosht Hirao el al. {69 concluded that
molybdenum and vanadium mixed nitdding sicel produces long cutting chips ut low
cutting velocity but the cuting ool 15 semelimes broken by long continuous chips which
affects shear angle. Duan and Wany |70} suggested that an increaste of work malerial
hardness increases the shear angle, the temperature 2nd the yield strenpth but reduces Lhe
averpe stress ratio on the primary defirmation zone. Sutter (73] reported that continuous
chip forms during machining maierial having pood thermal propery and low hardness,
whereas abbon like chip or a segmental (or shear locenlized) chip forms during machimng

mulerial having peor thermal properly anid high hardness.
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Strafford and Audy (72] investigated the celationship between hardpess and
machining forves duning turming of AISU 4340 sicel with mixed alumina toels. The results
supgest thal an increase in hardness lcads to an increase in the machining forces. Tool
geomelry is another imporlant fuctor affecling machining forees. especially the feed (axial)
and thrust (radial) force components [73;. The use ol large nose radius together with low
depths of cul leads to low true side cutling odge anple values, thus resulting in high thrust
forces [58]. Liu et al. | 75] observest thal Lhe cutting teraperature is optimum when the work
picce materia! hardness is HRC 50. With (urther increase in the work piece hardness, the
culting temperature shows a descending lendency. Liu et al. [74] also suggests that, under
different cutting paramelers, the mole of culting foree changes wilth work piece hardness.
The main cutting torec features an increasing tendonuy with the erease of the work piece

hardness.

According to Trent [751, the culting ool generaily undergoes both Hank weur and
crater wear during machining. Tianh wear peucrally causes an inerease in the cutting
forces, dimensional inaccuracy and vibration, Crater wear fakes place on the rake Tace of
the toot where the chip slides over the ool surtace. Recd and Clark [76] reported that the
hardncss, plastic modulus and the Imactw e loughness of the wol deeline with increase in
culting lemperature, which accelerates tool wear rate. Moreover, thermal stresses in the
tool increase with the temperaturs resuiting in mone cracks in the ool and premature
failure ol the tool. The amount of energy dissipated through ihe rake face of the tool raiscs
the temperature al the lanks of the toel [77]. Wang ct al. {78} reported that the normal
turning, chips otien have considerable streugth and cause crater wear, crack development or

other kinds of surface damagpe on the rehe face of the tool. Liao and Shive [79)] reported
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that butlt-up edge (BUE) is formed with chipping of the cutting edpe during machimng
Inconel with carbide. They also observed Ni and Fe diffusion inte the cutting tool. This
ditTusion of the work elements into the culting tool may be explaincd by the yery high

cutting temperature during the cxpernments,

Kilagawa et al. [66] investipated tool wear and cutting, ool temperature by means
of wming experiment in the presence of 10% waler base coolant. Tempecrature rose
monotonically, up to about 1200° C, with increasing cutting speed. They confirmed that
notch wear YN werne the major types of wear observed. However Lluking into account the
decreasing of nolch wear at higher culling  speed, they estimated that the  wear
charucteristics ohserved cannol he exclaimed by temperoture aione snd the wear is rather

developed by an abrasive process than o thermally activaled adhesion mechanism.

Rahman ¢t al. [80] discussed (he machinability of Inconel 718 subjecied o
vadous machining parameters including tool peomelry, culting speed and feed rute on
flank wear of the couled curbide inseits, work piece surfuce roughness and culting foree
components as the performance indicators lor tood lite. They observed that ol life
increases with the increase in side cutting edpe angle for the insenis and the heat gcnlcrated
during the cutting process is disiributed over a preater lengih of cutting edge. This
improves the heat removal from the cutting edge, distrihutes the cutting forces over a
larger poriton of the cutting edge, reduces tool notching and substantially improves lool

life.

Most of the majur paramciers including the choice of tool and coaung materials,

tool peometry, machining method, culting speed, leed rate, depth of cul, iubncanon, must
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be controlled in order to achieve adeguale tool lives and surface integrity of the machined
surface [81, 82]. A craler 15 usuatly formed at some distance from the cutting edpge and it is
most frequcntly observed when culting sieels and other high-melting-point melals at

relatively high cutting speeds |83]. This crater gradually becomes deeper with time and

Luc el al. [45] reported thal when terning AIS] 434) sieel using mixed alumina
and PCBN tools the flank wear is reduced us work matenal hardness increased up to a
critical value. A Tunher incrnease in the work picce hardness accelerates the tool wear rate.
The reduction in ool wear up to colical 1% altnbated o the clevation of the cuiting
temperature, which reduces the shesr strength of the work material; however, this effect 1s
not obscrved when the hardness exce sded eritieal value. Uhe material transfer leads to (he
formaticn of a crater on the ol rake (ace and consequently reduces the 100l mechanical
resistance and its efficiency. Diffusion phenomena were [irst reporied by Molinan and
Nouart [84] who showed that at conventional specd, lool wear is mainly due to abragion

and adheston, but is dominated by dilfusion process at higher speeds.

Severe flank wear and notching al ihe 1ool nose and/or the depth of cul line are
the dominant failure modes when machining nickel-based allovy with carbide tools [78,
83, 86]. The recommended culting specds range is from 10 10 30 m/min when machining
nickel-based allovs with cemented carbide tnols 87} Cemented carbide tools cannot be
used (o machine nickel-based alloys at high speed sinee they cannot withstand the
conditions of cxireme high temperature and stress in the cutting zonc. Rapid increase in
noiching occurs on carbide tools a higher culting speed. This usually teads 1o Lhe

premature fractlure of the entire tnset cdpe [88]. Flank wear pencrally causcs an increase
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in the cutling force and lhe interfacinl temperalur:, leading normally to dimensional
imaccuracy in lhe work picces machined and 1o vibration which makes the cutling
operation less eMicient [89]. Large noss radius and cutting cdpe angle values may improve

the surfuce tinish of the machined pun provided tool vibration can be avoided [901.

1.2.3 Coatrolling of Calting Temperatore

Rescarch that has been carricdd oul in the past focused on the temperature and its
distnibution 1n the cutling rone becawse it 13 belicved that it has a dircet impact on ol life
191]. Due w such hiph temperature prd pressure the cutting edge deforms plastically and
wears rapidly, which lead to dimensional inaccuracy, incrensed cuiting forces and
premature (ol failure. On the other hand, the culiing lemperature, if it is high and 18 not
controlicd, worsens the surface topopeaphy and impairs the surface integrity by oxidation
and introducing residual stresses, micro-cracks and structural changes. Cutling zone

temperature can be controlled by

i.  proper selection of muchining parameters

in.  Using conventionad coolant

ti.  Using moditied coated wol applying multilayer coating for dry lubrication
iv.  using heat and wear resistance cutting wols

v. uasing proper Wvpe ol coolant and their effective application (Cryopenic

machining, MQL. coeling and high pre: sune coolant jet assisted machining).

The machining temperature can he reduced (0 some extent by improving the

machinability charmclenstics of the work material metallurpically, optimizing the 100l
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geometry and by proper selection of the process parameters [92, 93, 94]. But for higher
productivity in manufacturing by marhining to meszt ithe plobal cost competitiveness,

insisis high material removal rale as well as high process parameters.

Generally, suitable culting Mwd is cmployed 1o reduce cufling temperature
through cooling and lubncation at the cutting zene. The cuiting Nuids are believed to
reduce culling lemperature cither by removing heat as a coolant or reducing the heat
gencralion as a lubricant. In addibien, the cutting uid has a practical {unction as a chip-
handling medium {95]. Rt it has been reporied that ubrication is effective at low speeds
when it is accomplished by diffusion through the work picee and by Torming solid
boundary layers frem the exteeme prossure additives, but al high speeds no sullicient
lubrication ¢flect 15 evident |%6]. The pamary function of cutting fuids is o reduce this
cutting emperature and increase tool lite [97]. The inelfectiveness of lubrication of the
cutting tlud at high speed machining is atiributed to the inability of the cutting fluid to
reach the actual culling zone and particularly at the chip-tool interface due 1o bulk or

plastic contact a1 high cutting speed (98-108 .

The high cutting lemperature s controlled by profuse cooling |1-3]. Bul such
profuse cooling with conventionsl cutting Huids is not able to solve these problems fully
even when employed in the form of je1 or mist. Cutting luids alse belp in machining of
ductile materials by reducing or preventing Formation of a built-up edpe (BLIEY, which

degrades the surface fintsh {86].

The elTect of the heat penemtbed al the primary shear zone is less sipnificant for its

lesser alensity and distance from the rake surface. However, the beat generated at the
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chip-too! interface is of much greater sipnificance, particularly under high cutting speed
conditions where the heat source 15 a thin Oow-zone scized to the toel [76, 102, 103). The
coolmmt cannol uct directly on this thin zone bot only cxternally cools the chip, work picce
and the tool, which are accessible 1o the coolant. Removal of heat by conduction through
the chip and the work picce is tikely Lo have relatively fittle effect on the temperature 8t the
chip-tool and work-tool interface. The cooling and lubricating affects by cutting fluid
influence cach other and diminish wiih increase in cutting velocity [67). Since the cutiing
fluid does not enter the chip-tool interface during high speed machining, the cutting Muid

action 5 limited to bulk hesi removal enly.

A cutting fluid may imparl two more actions, namely the mechanical sirength
redugcing action and the electro-chemical action. 'the mechanical strenpth reducing action
seemed to be negligible when slee! johs are machined at moderate cutting speeds with
curbide tools |1]. The influence of the electric current flowing through the cuiting zone on
the mte of tool wear is also well known [104]. Towever, most commercial cutting Nuids
are non electro-conductive, und as such the situation with respect to current flow 18 not
vary sipnificantly from the dry cuiting ¢ase. ‘T'he clectrochemical action is (reated as a

vorrosion phenomenon in respect of 100] wear,

The application of abundant culting, f'|l.ljid, however, increases the culting process
costs and in hardened steel cutting, does aot allow the work piece sofien, which is good for
the process [105]. Lkinovic et al. |59] sugpested that, the use of abundant cutting Muid
{wet condition) has the advantapes of providing chip trensporiation, neducing Iniction and
cooling the work picce. For example if cutting fluid is not used in machining of both
aluminun alloys andd 560 steels, the wear caused by attritton is unacceptahle.
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Seah et al. [106] also reporied -hat at (he first stage of machining (first 40 seconds
of 50), ool wear 18 faster in wetl cutting than in dry cutting. Laler on, the wear rate is
stabilized and is somewhat the samc for both dry and wet cutting. Minimum volume of oil
technique may represent a compromise belween the advanlages and disadvantages of
completely dey cutting and cutting with abundant soluble oil [107, 108}, The application of
cutting 1luid may not always reduce the cutiing tool wear as is commonly believed. Rather
some conditions like machining steels by carbide tocis, the vse of coolant may increase
tool wear, 11 has been experienced that there was maere tool wear when cutting with coolam
than cutting dry in case of machining AISE 1040 and AIST 4340 steels by carbide cutiing

tool [101).

Apart from these cost aspects, cutting [luids represents a serious problem to the
preservalion of the environment and heaith. Aboul 80 percent of all occupational discases
are cansed by skin contact with fluids | 509, 110]. Cutting fluids are the impoHant causes of
cccupalionad conlact dermatitis, which inay involve cither imitant or gllergic mechanisms,
Water mixed fluids gencrally determine imitanl conact dermatitis and silergic conlact
dermatitis when they are in touch with workers skin, These (tnds often contain sulphur
{5}, phosphorus ("), chlorine (CI or other extreme-pressure additives 1o improve the
lubricating performance. These chemicils present health hazards. Furthermore, the cost of
treating the wasie liquid is high and the treatment itself is a source of air pollution. The

major problems thai arise due to use of cutting flwds are [111]:

i At high cutting wemperatvre the cutting fluids breakdown into its harmful
constiluents that cavse air poltution and creale breathing problems (o nearby
people.
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ii.  Biological hazards to the operators from the hacterial growth in the cutting
fluids if it comes in physical conlact to themn

iii. Mechanical hazard of thr machine parls due to conlamination of the parls
with the fluid.

iv. Water pollution and soi! contamination arc caused if the spent cuttng Auids
mix with them dunng disposal

Like other manufacturiug sctivities, machining also leads te environmental

poltution muinly because of the use of cuatting fluids 1112, 113].

With the advenl of some modern machining poxcess and harder materials and for
demand for precision machining, the conim! of machining temperature by more effective
and eflicient cooling has become exiremely cssential. Some recent techniques have
gnahled partial control of the machining temperature aud climinated pellution by using
beat resistance tools like coated carbides. CBN cic under dry condition. The thermal
deteriorition of (he culting Wwols can ke reduced by using CBN 1ools [114]. 1T properly
manutaciured, sclected and used, CBN too) provides much less cutting forees, temperature
and hence less tensile residual stresses 1115]. However, CBN tools are very expensive.
Recent studics have repored that CBN tools can be used lor machining high temperature
super nlloys, especially tlanium alloys, at higher cutting speeds despite the high reactivity
of tilanium-alloys with the ool maiciials in addition to thelr relauvely hiph cost [118].
Owing to their high hardness and high melting point, CBN 1ools can withstand the heat
and pressure developed during cutting withoul compromising surface integrity of Lhe
machined component because ol their ability to maintain a sharp cutling edge for longer

peniods [117].
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‘The contect surface of tumning inseris by deposition of a soft bearing matenal was
modilied by EDM [118]. Although the miodified insens oflered reduced cutting lorce, heir
beneficisl effect on surface finish was marginal. At higher cutting velocities, the hrought
on layers are fast depleted with cutling lime and do not contribute 1o wear resislance of the
tool, especially at the Manks. The machining of bardened steel is usually done using dry
cuding, because the increase of ihe tem serature makes chip deformation and shearing of
the hardened material casier. Nevertheless high temperalures cause an inconvenience such
as work picce dilution, which aflcets dimenstonal and peometric accuracy and runs the risk
of surface inteprty damage. On the other Land, the compieie absence of lubncation harms
chip transponation and causes increases of Wol-chip and {ool-work piece [riction, which

generate the increase of abrasive wear and atirition | 105].

Thoors and Chandrasekarun {179] observed thal CO; snow could lunction as a
pood coulant under ¢enain circumslanees, which are very much related to the tool-work
combination znd the aclual mode of feeding the coolant to the cutting zone. Machining
temperature can be controlled by the wse of COy snow as the coolant in machining {1240].
This is feasible if C0; in Hguid form under pressure (60 bars) is fed 10 the culting zone and
diffused through a capillary jet. This recuits in a change of state and the furmation of CO,
snow (eodothermic reaction resulting in a temperatere of -79%C). il under intense

temperature CO, produces larmiul CO pos.

Cryopenie machimng with liguid satrogen has improved machinability ol steel 10
8 certain exient weler nommal coiting cordditions {121]. Chilling the cutting toc] by liquid
pitrogen jets enhances (ool hardness and file, dimensional accuracy and improves surface

roughness. Cooling the chip makes i brittle and aids easy removal. Because nitrogen is an
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abundant atmospherc constituent and the quantities used are small. So, there is neither
unfavomble environmenial and health impact nor any coolant disposal cost and the chips
can be readily recycled |98, 122, 123) Ther results indicale substantial benefit of
cryopcnie cooting on cutting foree, tool life, dimensional accuracy and surface roughness
due to mainly reduction of cuiting zone iemperature and favorable changes in the chip-tool

nleraction.

Dhar and Kemruzzaman [¥24] investigaled the role of crvogemce conling by Hiquid
nitrogen jet on chip fomualicon, grinding zone lemperature anid surface toughness in
grinding alloy steels, Thelr experimentai results indicate significant reduction in grinding
lemperitlure on appheation of eryogen, which enables favorable chip formation. Though
crvopenic grinding provides relatively more surface roughness for less plastic deformation
and rubbing, shearing and fracluring modes ol chip formation and retention of the grl's
sharpness, it prevides environment  friendliness and  improves the  grindability

characienstics.

Dhar and Kamruzzaman [125] observed substantial henehit of crvogenic cooling
on low lile, surlace finish and dimensional deviation. ‘This may be atiributed Lo mainly
reduction in cutting zone temperature asd tavorable change in the chip-1oo] interaction.
Furher it was evident that machining with soluble oil cooling failed 1o provide any

significant improvement in tool hile, rather suriace fimsh delenorated.

It bas alse been reporied that the machining of stzel with liquid nitrogen improves
the machinability index in respect of lowering cutting force as well as encrgy consumption

due 1o decrease 10 chip reduction coefliciend, increasing tool lifi by retaining sharpness of



the cutling tool for a long time preveriing, formation of built up edge, increase product
quality by decreasing surface roughness and thermal stress [98, 99, 126-127] bul cryogenic
machining is costly due 10 high cost of liquid nitrogen. Also aceelerated noich wear on the
prncipul flank of the carbide insert was observed at nitrogen rich atmosphere of coyogenic

machining.

Machado and Wallbank {129] conducled experiments on tuming medium carbon
steel {AIS1 1040) using a ventun to mix compressed air with small quaniities of liquid
lubricani, waler or soluble oil with a mean (low rate of 3 and 5 ml/min. The mixture was
directed onto the rake face of a carbide tool against the chip Aow direction. The
application of a mixiure ol air and seluble oil was able 10 reduce the consumplion of
cutting Muid, bul it promoted a mist in the environment with problems ol edors, bacleria
and fungi growth of the overhead flooding system. Minimal quantity lubrication | 130, 131]
15 a recent technique introduced 1n machining to obtain safe, environmental and economic
benelits, reducing the use of coolani lubricant fleids in metal cutting, Altnasio ctal. [132}
reporied that when MY is applicd to the tool ke, tool lile is penerally no different from
dry conditions, but MQIL. applicd 1o the wol Mank can increase uﬁl lite. Lubrcating the
flank surfuce of a 1ip by the MQL. tcchaique reduces the tool wear and increases the tool
life. Traces of lubricani compounds have been found on the wom surfaces only when
MQL. has been applied on the flank surflice. Though MQE. pives some advantapes during
the tuming operation, it presents some limits due to the ¢illiculty of lubricant reaching the

culing surface.

Dhar ei al. [133-136] suggested that the use of minimum quantity luhrication

leads to reduced chip reduction coefMicient, lower cutting temperature and  lower
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dimensional deviation. Dhar et al, [ 134, 137] also suppesied that MQL. reduced the cutting
temperature; such reduction has been more elfective for those tool-work comhinations and
cutting condhtions, which provided higher value of chip reduction coefficient, £ for adverse
chip-tool interaction causing large friction and built-up edpe formation at the chip-tool
interface. Favorable change in the chip-tool inlerachion and reiention of cutting edpe
sharpness duc o reduction of cutting vone lemperature secmed {o be the main reasen
behind reduction of cutting forees by the MQL. Ihimensional accuracy also substantiatly
improved mainly due to sipnificant raduction of wear and damage al the 100l tip by the

application of MQI..

Machining of alloys at high speed conditions can be achieved by a combination of
the appropriatle tool maierial, machining technigue and the choice of a suitable cooling
technodogy {138]. High pressure assisled cooling s one of the preferred technologies,
currenily, under exploitation especially i the aerospace and power plant industries for
machining exotic malerials. ‘The eredibility of hgh-pressure coolant assisted machining
had been thoroughly investipatsd over the years |4, 139-143]. The system not only
provides adequate cooling al the tool-workpiece inlerface but also provides an cffective
removal (Nushing) of chips form the cuttiug arca. The coolant jet under such high pressure
is capablc of creating a hydraulic wedge between the ol and workpicce, penetrating the
interface deeply with a speed exceeding that necessary even for very high speed
machining. This phenomenon also changes the chip {low condition [144]. The penstration
ol the high-cnergy jet at the tool-chip interface reduces the wmpersture gradiem and
minimizes the seizure cfleet, effening an adequate lubrication at ihe wol-chip interface

with u significant reduction in friction. Lxcellent chip breakability has been reporied when
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machining diflicult-to-cut materinls with _high~pn:55' we coolant supply [2, 145, and 146].
This is altributed to a coolant wedge, which forms between the chip and tool forcing the
chip to bend upwards piving it a desirable vp cerl required for segmentation. There is a
dmstic reduction in the cutling forces required o remove matenal (rom the work piece

with the applicaticen of high-prissure conlant jet.

1.2.4 Effects of High-Pressure (Cooilant

Nagpal and Sharma §147] proposed that tool-chip interface temperature initially
decreases with an increase in jel presseee, up o entical pressure, above which it rise to a

relatively constant value for pressures in excess of the eritical pressure,

Mazrurkiewicy ¢l al. {4] reportedd that a coolant applied at the cutiing zone through
a high-pressure jet nozzle can reduce the contact length and cocfficient of friction at chip-
too] mterface and thus can reduce cutting forces and increasce tool life o some extent. In
machining duclile metals even with cutting Nuid, the increase in cutting velocily reduces
the ductility of the work material and couses production of long continuous chips, which
mises the cutting temperature further 1i48). [n general, the attempts 1o apply pressurized

cutting fluid can be elassified jolo thres groups, such as:

L. Couolanl/lubricant jet iniected into tovk-chip interface through an exlernal
nozzle |4]
ii. Jet delivered iato the elearance between Nank and machined surface, and

i, Jet injecicd direetly throuph the ol rake Face inlo Wol-chip interface [2, 4].
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Kovacevic et ol. [144] sugpested that the application of hiph-pressure water jet
through the ool rake tace, friction is reduced at the ioolchip interface due to formation of
a cushion laycr, which prevents intimate contact al the tool-chip inlerface, consequently
leading 1o bending and self-breakape of chips. Whereas in the case of high-pressure waler
jet through an external nozzle, tool-chip conlact arca is reduced due to the breakape of the
chip hy the impinging jei. The enhanec effectiveness of the coolant/lubrication by applying
the cutting fluid at high pressures in the form of a nwrow jel, leads to a reduction in the
quantity of the cutting {luid being used, reducing the amount ol dispasal which 15 a

prmary concem of Envimnmental Protection Authorities.

Corsens et al. |149] conducted an experimental investigation on single point
borning aitming to study the rofe of cuiting MNuid, tood and workpicee material, teol peometry
and cutting condilions on machinabilily. The resulls indicaled that the culting fluid
conditions have no sipnificant cllect on surface texture, forces and built-up edge. Since
baring is a high-specd operation and lubrication is inclfective, no elffect was secen on the
forces. lowever, the cutting fluid was found 10 have a significant elfect on surface

inlegrity.

Lizupweu 1 al. [139] observed that coolant sepply at higb-pressure tends to lift up
the chip after passing through the deformation zone resulting to a reduction in the tool-chip
contact length/arca. Chip scgmeniation 15 considerably enhanced, as the chip cur! radius is
reduced significantly, due to tarpeted maximum coolant pressurc/foree on to the ¢hip
which aids the chip sheanng process and consequently lowering cutting Torces. Coolunt is
ong of the most influential factors alfecting ool performance when machining nickel-

based alloys | 139, 150]. The use of a high-pressure coolant supply when machining nickel-
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based (Inconel 901) super alloy wilth t:{:l:ncntcd {:arhjdc tools gives higher tool lives than
when machining with Lhe convention:d coolant supply {139]. The use of a high-pressure
coolant supply results in a significant 1eduction in the tool-chip contact length, and hence
in the coniact ares, which in tum decreases the compressive siress al the ol edge with
liftle change in the cutting forees. This prevents the formation of notching, thus leading o

a hipher tool life,

Proper selection and application of cutting Nund penerally improves ool life. At
low cutling speed ulmost four times longer tool life is obtained by preper cutting Nuid
[t51]. However, surface hnish does not improve signifizantly. Wearing of cutting tools not
only causcs loss of the culling edges or tips of the inserts bul loss of the entire insert afler
wear ol all the comers. It was reponed that coolant injection offers betler cutling
performance in terms of suriace Nnish, tool foree aad too! wear when compared to Mood
cooling [3]. The chip curl radius alse depends on the coolant pressure and Lhe flow rale.
Therefore at a given power, smatler chip curl radius can be achieved at a lower coolant
pressure with a high coolam Now sule [145). From an cnvironmental perspective,
hercfore, the significant waste is not the portion of the tool wom away by the tool-work
contact, but the relmaining portion of the tool that is disposed alter its useful life [152).
Cutting tools operaic within a safety temperalure zone with minimal tool wear when
machining at thc cntical coolant pressure as thermal stresses arc kept to a minimum,

thercby prolonging tool life [153].

Lzugwu and Bonney [88]| reporicd that machining Inconel-718 with coated
carbide inserls under hiph-pressure codant supplics improve tool life by up 1o 7 folds,
especially at high speed conditions. Tool life wends to improve with increasing coolant
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pressure. There is also evidence that once a critical pressure has been reached any further
increase, in coolant pressume may only result 10 a marginal increase in ol life. Lower
cutting forces [142, 143} are recorded with increasing coolant supply pressure when
machining Inconel 718 wiih SiC whisker reinforced alumina ceramic tool. The reduction
i cuthing forces observed 15 also partly due 1o the chip sepgmentation when machining with
high-pressure coulant supplies. EHipher forces [142, 143)] are recorded when machining

wilh conventional coolant flow where contimious type chips are pencrated.

Chip segmentation is another advaniape of employing the high-pressure cooling
technique. B3ecause the tool contact time is shoreer, the ool is less susceptible to
dissolulion wear caused by chemical rcaction with newly gencrated chips [154]. A more
recent study of the effect of high-pressure coolant, Mow in Face milling of Ti-base Ti-6Al-
4V alloy with cemented carbide tools reporied a 2.5 times increase in tool life than when
machining with conventional coclant flnw [155]. Studies have shown thal il is possible to
merease cutting speed by aver 67 and 150% when machining litanium alloys with carbides
under high coolant pressures of 15 and 30 MPa, respectively, compared to conventional

coolant supply {117].

1.2.3 Summary of the Review

The literature review on herd tuming and machinahility of hardened steels
highlights the vast polential of the coutrol of machining temperature and its detrimental
effects. 1t is obvious that the machining temperature holds a vital influcnee on chip
formation, cuiting forees, 1ool wear and surface quality. All these responses are very

imperant in deeiding the overall performance of the tool and the cooling sysiem applied.
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At an elevaled temperature the cuil'ing tools may undergo plastic deformation and attain
rapid tool wear because of adhesive, nL-Jrasivc, chemical and diMusion wear at the flanks
and the crater. The dimensional aceuracy and surface inlegrity of the work picee also
deteriorale due to high lemperataee. {he conventional cutting fluids are not that eMective
in high speed machining particularly in continuous culting of matenals like hardened
steels. Furthermore, the conventienal cutting (luids are not environment friendly. The
disposal of the cutting fluids oNen leads to lecal water pollution and soil contamination.

Recyching and reuse of conventional euning fuids are further problematic.

From ali these investigations, it is cvident hat applying cutting [luid in the form
of u jet al higher pressure inte the culting »one is more beneficial than conventional
cooling techmiques. A high-pressuse fluid jet hroughi a3 a coolani/lubnicant thrmugh a hole
in the rake face of ool reduces secordary -shuar, lowers mterface temperatures, and
changes chip shape. in practice, al low presserc the cuoiting fluid is not capabic of
peneteating deep enough inte the tool-chip interface 1o dissipate heat as quickly as possible
from the appropriate regions in the cutting zone. Furher, all these investipations are
limited te stationary stngle edge culling ool operations. However there 15 a great crave for
improving machining performance by perking up cooling methods in the case of tuming,

dritling and milling especially while mechining difficult 1o machine materials.

HPC jet couling is a promising technology in high speed machining, which
economically addresses the current processes, environmuental and health concerns, [n this
unigue process cutting oil is impinged throuph a noszle preeisely at the narmow cutling
zonc. The success of implementing this technology across the metal removal indusines is
therefore depends on increased rescarch aclivities providing credible data for in depth
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understanding of high-pressure ¢oolant supplies at the chip-lool interface and integrity of

machined componenis.

The prowing demands for hipgh MRR, precision and elTective machining of exotic
materials is restrained mainly by the high cutting temperature. 1 is revealed trom the
abovementioned literature survey (hat the cutting temperature, which is the cause of
scveral problems restraining productivity, quality and hence machining cconomy, can be
substantially conlrolled by high-presscre coolant jet. Thoreugh invesligation is essential to
explore the potentiat benefits of hiph-pressure coolant jet machining in such cases. But

cnouph work has not been done systematically yet in this direction.
1.3  Objectives of the Present Investigation

The presem work smdics some aspects on the lurming process applied on
hardened steel using multilayer coated carbide nsers at high cutting speeds under high
pressure coolant condition. The influence of cutting parameters (cutting velocity, feed rate,
and depth of cut) on chip-toed interface temperature, lool wear, cutting forces and surface
roughness will be analyzed. The current literature review reporls many siedtes using
PCBN twols on hardened steels bul it is also imporiani to know the results when using
coaled carbide tools, mainly for ceonomic reasons. The objectives of the present
investipation, keeping in view the vverddl improvement in productivity and quality in
machining hardened steel using muliilayer coated carbide inserts under high pressure

coolant condition are
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Syslematic experimenlal stwly on the cffects of high pressure coolant on the
machinability characteristics of hardercd steel using multilayer coaled carbide insert at

high cutting speeds in terms of

i chip morphology i.e. chip shape, chip color, chip reduction coelficient and
mode of chip formation.

ii. average chip-tool interface temperature and work-iool lemperature

iii.  cutting forees i.c. main cotting force and feed torce

iv. tool wear (averuge principal flank wear, maximum principal flank wear,
notch wear. averape auxitiary Mank wear and maximum auxilary [lank
war).

¥v.  surface integrity along with surface [imsh and

vi.  product qualily (dimensional deviation)

The outcome of the thesis work improves machinability of hardened steel using
coated carbide inserls by reducing cutting zone temperature and culting, forces enabling
favorable chap formation and chip-loai interaction. 1t also provides reduction n tool wear,

which will enhance the tool life, dimersional accuracy and surface [inish,

1.4 Scope of the Thesis

One of the possible and emerging technologics 1o overcome the aforementioned
problems associaled with conventional cooling systern on the an the machining industries
is the application of high-pressurz coolant ([I'C). For any machiming operation, the ool

life achieved, material removal ratc (MRR), components of forces and  power
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consumption, quality of the surfacc gencrated and surface integrity of the machined
compenent a3 well as the shape of the chips can all be used to measure machinability,
Considering all these, the present research work has been carried out 1o explore the role of
high-pressure coclant {HPC) on major machinability charactenstics in wrning hardened

medium carbon steel by coated carbide: inserts under difTerent machining conditions.

Chapter 1 offers the current status of hard turming using expensive ceramic tools
and aims the possibilities of using the relatively cheap coated carbide (ools assisted by
high prassure coolant jel. This chapler discusses the problems of hard tuming using PCD,
UBN and PCBN 1ools. The contrulling of cutling temperature has been given the uimost
priority herc. The methods adopted by the eescarchers for controlling the wol-chip
intertace femperature are conferred in Chapter 1. It also presents the pencral necessities
associated with machining industrics, function of culling lools, techno-covironmental and
socio-economicat prohlems related with the hiph cutting temperature snd (he practice of
conventional cooling methads and the eapecied role of high-pressure coolant. investigation
and findings of proviows works and objective of the preseni work are also presented in this

chapler.

Chapter 1 deals with the hewl irestiment mechanism of medivin carbonr steel, Bt
begins with the hurdles dealt with regarding the sclection, sizing, shaping of the work
material and ends with the detailed deseription of correct heat (neatmem process to obtain

the required hardness,

Chapter 3 presents ihe description of high-pressure coolant system for the

prescnt work to enable proper cooling of the cuting vone. Calibration of tool-work
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thermocouple comprising of job materiz] and coated insert is also presented in the chapier.
Chapter 3 also offers a glimpse of the procedure and conditions of the machining
experiments carmied oot and the cxperimental resulis on the cl¥ects of HPC in companison
with dry machining on chip morphology, average chip-lool interface temperature, culting
forces, tool wear, surface roughness and dimensional deviation in tuming hardened

medium carbon steel under different cutting condilions.
Chapter 4 contains the dctailed discussion on the expenmental results and

passible interpretations on the results oblained, Finally, a summary of major contributions

and future work 18 given in chapter 5 and references are provided ot the end.
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1

Chapter? ~

Mate_rial Pre_paration

2.1 Introduction

According to the definitions of hard tumning, it 15 ohligalory 1o ese material with
hardness over 30 HRC for the research. Due 0 monelary constraints, it was not affondable
to buy material with such hardness from the store rather | had to develop the malerial
myself. Numerous aftempts were made ‘with several types of matenals and heat Ireatment
proceduses 10 achieve the tarpet. The matenals were first checked under Optical Emission
Spectrometer 1o find the carbon conlemt. Then they were quenched and tempered and

tested in the hardness testing machine. Afer o many iterations the medium carbon steel

served the purposz.

But there was a problem with the distribution of hardness within the material. The
core of the matenal didn't become as hard as the surface. This was due 1o the uneven
quenching of the maienal. The outer surface dissipates heat more rapidly than the core

which results in a pradual decrease of the bardness wwards the core. To eliminate this

+ prohlem, hollow cylindrical shaped malerial was used for the heat lreaiment. [t facilitated

-

Lthe cooling from both ouler and inner surface of the material and the hardness distribution

after the heat treaiment became uniform.



2.2 Preparing the Material

'The material used in the thesis was medivm carbon sieel (85-90 HRB) wilth
approximately 0.445% carbon content. It was a long hollow cylinder which had been
sliced in small picces with the help of band saw to it into the electnc fumace. The length
of the picces was 260 mm with cxternal and intemnal diameters of 100 mm and 30 mm
respeclively. +

To make provision for pulling the red hot metai picces from furnace, hook had to
be facililated. A 120 mm Jong solid shaft of medium carbon steel with exiernal diametet
same as the internal diameter of hallow picces had been inseried into the hollow picee. The
joint was sccured by welding. Using drilling and boring tools a through hole of diameter
25.4 mm was made in the solid par. This was done so that hoi water vapor can easily
come out when it would be quenched in brine solution. Another through hole of diameter
12 mm was madc in the solid part 1o rachal divection. A Lriangular hook of mild steel was
atiached 1 the work picce throuph the radial hole so that the work-piece can be pulled out
from the furnace with the heip of a tong as shown in Fig.2.1. A est sample made from Lhe
same malenal {25mmx ] Smmx | Omm) was also arepared for the hardness test. o

n

1:

£l

ol
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12 mm

o0 mm
30 min

20 M 120 mm

Fig, 2.1 Work malerial specimen for hasdening

2.3 The Heat Treatment Process

Gleciric furnace of high heating clement (RG-3000C, 240 V, 32 amps) was used
for heat treatment. Defore loading the work piece and the test sample, the fumace had 10 be
made oxygen free to avoid oxidation because & scale is formed on the surface of the work
material during hardening. In this circumsiance, 1wo ceramic pipes of internal diameters of-

3 mm and 4.5 mm were connected with the furmace inlet and outiet respectively. The other

end of the ceramic pipe with 3 mm inlemal diameter was connecled to an argon gas
cylinder with the help of a hose pipe. The door of the electric fumace was sealed and
isolated from the aimosphere by an asbestos shect. Argon pas was ihen passed (7 liters/min
and 130 bars) through (he lumuce chamber to drive out air to make an inerl environment in
the furnace chamber. After 2 minutes, tum on the furnace with 5 amperes current mting
with 5.5 liters/min of argon gas supply al a pressurc of 130 bars. 1t took three hours to
raise the temperature Lo 900°C and soaked the work material at that temperature for one

and half hour in the heating chamber.
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2.1 Quenching of the Material

A quench iank having capacity 140 hiters was usad-fu::-r quenching the work
material, The quench tank should be large enough to hold the part being treated and should
have adequate cireulation and temperature control. The temperature of the brine solution
chould not exceed 40°C. The brine solution was prepared by mixing 10 kg of ice and
sodium chloride with 120 liters of water. This mixture rcduces the absorption of
aimospheric gases that, in tum reduces (he amount of bubbles. As a result, brine wets the
metal surface and cools it more rapidly than water. In addition to rapid and umiorm

cooling, the brine removes a large percentage of any scale that may be present.

The work picce as well as lest sample was pulled quickly but carefully out from
the furnace using a tong and was immersed vertically into the brine solution. The solution
is stirred vigorously for about 10 minutes for uniform cooling and was continued until the
specimen is cool enough. Heat transfer 1s not so fast through the steam layer. On the other
hand the very act of transforming the water into sleam means the water has to take in
enonnous amounts of energy to transform the water from liquid slate to paseous slate
(steam). Moving the part and re-circulating the water mds in getting the best quench, The

test sample was also quenched in the same solution following same manuer.
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2.5 The Tempering Process

Quenched carbon stecls always required to temper because of steels are often
more harder than needed and too brittle for most practical uses. Also, scveral internal
stresses like residual stresses are set up duriryg the rmapid cooling from the bardening
temperalure. As a resull, to relicve the internal stresses and reduce brittleness, mpenng
was done. It was done by heating the workpizee as well as test sample (o a specific
temperature (160 °C), holding it at that lemperaturc for one hour, and then cooling it,
usually instill air. The resultant strength, hardness, and ductility depend on the temperature
to which the spccimen is healed during the tempering process. ‘The purpose of tempenng
was dlso o produce definite physical propertics within the specimen.The sample was
cleancd and ground a flat surface of 0.015 inches decp along the face of the sample.
Hardoess of the sample was measured on the C scale of Rock-well hardness tester. The
hardness of the sample before heat lrealmeni was 163 HRD and afler heat treatment it

became around 56 HRC. The hardncss distribution within the sample is shown below.
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Fig. 2.2 Hardness distribution curve ol sampie
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Chapter-

_ Experimental Investigation

— e ——

3.1 High-Pressure Coolant System

The high cutting lemperature generated duning machining net only reduces ool
life but also impairs the product guality. The {emperature becomes more mlensive when
cutting velocity und feed arc increased for higher MRR and the work materials are
relatively difficult to machine for their high strenpth, hardenability and tesser thermal
conductivity. Cutting (uids arc widely used to reduce the cutting temperature. But the
major problems associaled with thc usc of conventional methods and type of cutting [luids,

which are mostly oil hascd, are:

i inefTectiveness in desired cooling and lubrication

ii.  health hazards duc to penemtion of obnoxious gases and bacterial growth 3
iii.  inconvenience due W uncleanlness of the working zone :
iv. corrosion and conlarmination of the lubricating system of the machine tools
v. neced of storape, addilional Moor space, pumping syslem, recycling and

disposal :

vi. environmenlal pollution and conlamination of soil and water 1



In this repard, it has already been chserved throuph previous research that proper
application of high-pressure coolant may play vital role in providing not only environment

foendliness but atso some techno-cconomical benelits.

For achieving substantial technological and econemical benefits in addition 1o
envirpnment friendliness, the high-pressure couolant sysiem needs to be properly designed

considering the following imporiant factors:

i effective cooling by e¢nabling high-pressure coolant jet reaches as close to
the actual hot zones as possible

it.  avoulance of bulk cooling of the tool and the job, which may cause
unfavorable metallurpical changes

lii. minimum c<onsumption of coolant by pin-pointed impingement and only
during chip [ormaticn

iv.  control ol pressure and [low rate of cooiant secording to need

The cutting MMuid needs (o be deawn at high pressure from the coolant tank and
impinged al high speed throuph Lhe nozzle. Considering the conditions required [or the
present rescarch work and uninterrupted supply of coolant at pressure around 100 bar over
a reasonably long cut, a coolant tank of large capacity (200 liter) has been used [156-159].
The photographie view of the coolant lal;k alony with molor-pump assembiy. How conlrod

valve, relief valve and directional control valve is shown in Fig3.1.

The coolant is contained in the coolant iank and a pump is used to ensure desired

high driving pressurc during the high withdrawal periods. This is accomplished by
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comrolling rclicl valve through Mow controt valve that creales a lagh pressane, When the
flow control valve is open, coolant laken from the tank al normal pressure 1 pressurized at
a reyuired pressure by controlling relict valve, A relicl valve instalied in the discharpe line
with a molumm Jine back o the supply tank 15 o provide complele protection against an
unexpected over pressure situation. 'The Now control valve 1 pressure and lemperalure
compensating type valve and maintaing a constant ffow rale imdependent of chimge in
system pressure {(Joad) and lemperawre (viscosity of the Md) The valve with an integral
cheek valve allows a controlled Mow and reverses Tree tlow. The lngh-pressare coolant is
impinged through a nosze at the chip-toel inlerivee. A ditection control valve 1s used fo

control the Now dircction of the jel during machining.

Fig. 3.1 Photopraphic vicw of hiph-pressure coolant systein j157]

il

The purpose of a nuasde is o direel culting Nuid 10 the oplimal position o achicve

maximum Himd Now at the chip-ool interface, The nezzle alse fulfills the purpese of
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increasing the Muid velocity by contracting the cress-sectional arca of the jet stream. A
well designed (urbulent Now nozzle converts more of the pressure energy in the low into
kinetic cnergy than docs a laminar low nozzic. A laminar How nozzle however has the
henefit that the jel stream maintains its coherency for a lenper period meaning thal

turbulent tlow nozzies must be positioned as close 1o the chip-100] contact as possible.

The nozzle has be::1-1 designed and fabricated so that the nozzle spray pattern.
covering area and coolant flow rate can be controlled. The nozzle developed and used and
its setting along the tool holder are schematically shown in Fig 3.2, The nozzie tip of 0.50
mm hore diameter was fixed 1o (he tool post and is connccted with direction control valve
through hydraulic pipe 1o supply coolant in the lTorm ol jet to the cuttng zone. A flow
control vaive is used to control the flow of coolant as required. The jet should impinge at
the cutling zone in liquid stule only. The expected result of this arrangement s elfective
cooling with ecouomica) coolant dispensing. [t 1s imporiant 1o properly position coolant

delivery nozsle to achieve the following:

1. getting the Muid 10 the lool/workpicee interlace

ii.  mimmising mist and odor problems

iti.  controlliug therma shock. The tool will be aliernately heated and cooled, if
the fluid stream does not continuaily reach the tool

iv.  keeping the workpicce constantly +n the lluid's Bow and

v, moving the chips/ swarl oul of e cultiop, zooe. This is one of the most
importmt Tunctions of the fluid, end may require positioning one or more

Nuid ¥ines just to move chips owl of the cotting zone
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Nozzle is placed 15.0 mm away from the tool tip to minimize the inlerlerence of
the nozzle with the fowing chips and 10 reach quite close to the chip-tool contact zone
without avoiding of bulk cooling of the teol and the job, which may cause unfavorable

melallurgical chanpes.

N G i | I ««;ﬂ

———

:r “:-\:‘O.._ Nozze
i

4— Tool Post

Fig. 3.2 Schematic view of the nozzle used [ coolant delivery al the cutling zone [158]

3.2 Experimental Procedure and Conditions

The concept of high-pressure coolant prosents itself as a possible solution tor high
speed machining in achieving slow tool wear while maintaining cuiling forces/power at
ressonable levels, provided that the bigh-pressurs cooling purameters can be straicyically
tuned. 1t has the benelils of a powerful siream that can reach the culling area, it provides

sirong, chip removal, and in some cases enough pressure to deburr. High-pressure coolant
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injection lechnique not only provided reduction in cutting forces and lemperature but also
reduced the consumption of cutting Huid. The aim of the present work is primarily to
cxplore and evaluate the role of high-pressure ceolant on machinability characteristics of
hardened medium carbon steel mainly in tenng of cutling temperature and chip-torms,

which govern productivity, product quality and everali cconomy.

The machining was carricd out on lathe, which has a 7.5 kW main spindic power
and a maximum spindle speed of 700 rpm. The photographic view ol the expenmental set-
up is shown in Fig.3.3. Uhe work material was niedium carbon steel. hardened 10 nominal
values of 56 HRC. Initially, a solid bar stock was hardened 10 56 HRCS but il was found
that the hardness decreased pradually towards the center of the stock. Thus il was decided
to machine a hardened hollow stock, which allowed a heat Ltrealment that provides

consistent hardness of 56+£2 HRC.

Fig. 3.3 Photographic view ¢ expcnimental set-up
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The positioning of the nozzle lip with respect Lo the cutting insen has been set
aficr a number ol trials. The [inal arrangement made and used has been shown in Fig.5.4.
‘Fhe high pressure coolant jet is directed alony the auxiliary cutling edge at an angle 30° lo
reach at the principal fMlank and partially under the flowing chips through the in-built

groove paralicl to the cutting cdges.

Fig. 3.4 Photographic view of high-pressure coolant delivery nozzle

The culting wel used was uncoated carbide insen (150 specification: SNMG
120408 und SNMM 120408, Widia} The ool holder provided negative 6° side and back
rake angles and 6 side cutting-edge and ond cutting-edge angles. The sanges of the culting
velocity (V) and feed rate () were selected based on the tool manulacturer’s
recommendation and industrial practices. Keeping in view less sipnificant role of deptb of
eul (d} vn cutting, temperature, saving of work muaterial and avoidance ot dominating cttect
al nose radius on culting lemperature, the depth of cut was kept lixed 0 only 1.0 am,
which would adequately serve the present purpose. The conditions under which the

machining tests have been carried out are briclly given in Table-3.1.
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Table 3.1 Experimental conditions

__|Machine tool
Work materials
Hardness (HRC)

Sjse

{Cutting tool

Coating

{eometry

Tool holder

rocess parameters
Cutting velocily, ¥V
Feed rate, f

Depth of cul, d

J]Iigh pressurc coolant
Coolant type

[Envirenment

. Lathe Machine(China), 7.3 kW

- Hardened medium carbon steel

1 56

. Bxletnal dia. =100, internal dia. =30mm and length=260 mm

SNMG TN 4000, Widia SNMM TN 2000, Widia

: TICN. WC, Co

“6°.-6°,67,6%,15°,75°,0.8 Inm

+ PSBNR 2525 M12 (IS0 specification), widia

: §3,119, 166 and 237 m/min

+ .12, 0.14 apd 01.16 mm/rev

: LOmm

: 70 bar, Coolant: 6.0 /min through external nozzle
1 VG-68 (150 grade)

: Dry and High pressure coolani (HPC) condition

For the improvement of cutting performance, the knowledge of temperature at the

chip-tool interface with good accuracy is essenlial. Several cxperimental and analytical

technigues have been developed for the measurement of temperatures generated in cutling

zone. The averape chip-tool interface cutting temperaiure was measured under both dry

and high-pressure coolanl conditions undertaken by simple but reliable wol-work

thermocouple lechnique with proper calibration. Fig.3.5 shows the calibration curve

obiained for the tool-work pair with carbide as the ool material and the hardencd medium

carbon steel undertaken as the work matenal. In the present case, almost linear

relationships between (he lemperature and cmf have been obtained with correlation

coeflicients of 0.994.
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Fig. 3.5 Tool-work thermocouple calibration curve

The form, colour and thickness of the chips directly and indirectly indicate the
nature of chip-tool interaction influcnced by the machining environmentL The chip samples
were colleeted during both short run and long r.in machining tor all the V-f combinations
under both dry and high-pressurc: coolant condittons. The form and colour of all those
chips were noted down. The thicknesses of the chips were repeatedly mcasured by a slide
calliper 1o determine the value of chip thickness ratio, = {ratio of chip thickness before and
after cut) which is an important index of machinability. The average cuiting temperature
was measured under all the machining conditions underaken by simple but reliable iool-work

thermocouple technigue with proper calibration.

The cutting force components, F. (main cutting foree) and Fr (feed foree) were
monitored by a sensitive but robusi 3-I dynanmometer (KISTLER) and stored in a PC

through a data acquisition system.
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The Bife ol the tools, which ultimaicly fail by systematic gradual wear, is
generally assessed al least for R&D work, by Lhe averape value of the principal {lank wear
(VB), which aggravates culling forces and temperatun: and may induce vibration with the
progress of machining. ‘The patiern and extent of wear (VS) of the auxiliary flunk afTects '
surface [inish and dimensional accuracy of the machined pars. Growih of tool wear is
sizeably inlluenced hy the temperature and nature of interactions of the tool-work

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

During machining under each condition, the cuiting inserl was withdrawn at
regular niervals and then the salient features like, VD, VS etc. were measured wnder a
oplical microscope {Carl Zeiss, Germany) fitted with a precision micrometer. At the end of
machining and atlaimpg suiticienl wear the pattern and extent of wear of each tool was
examined under Scanning Electron Microscope (Philips XL 30, Japan) and the

pholographs are taken for onward comparative study.

After machimng the dilTerent steel rods by (he dilferent imscers, of different V-
combinations under both dry and high-pressure coolamt conditions, the surface finish and
dimensional deviation on diameter in axial direction ol the machined jobs were measured '
respectively by a Talysurf (Sunironic 3+, Rank Taylor Hobson Limited) and by a digital
dial gruge which was firmly fitted on the saddle and travelied slowly parallel 1o the job

LA ER
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3.3 Experimental Results

3.3.1 Machining Chips

The chip samples cotlected while turning the hardened medium carbon steel by
the insert of configuration SNMG and SNMM at ditferent V-f combinations under both
dry and high-pressurs coolant conditions have been visually examined and categonized ns
per 1SO standard 3685 [66] with respect to their shape and color. The results ot such
categorization of the chips produced at different V-f combinations and environmeris havé

been shown in Table 3.2,
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Table 3.2 Shape and color of chips produced during machining

~ —_ Insert
@ = SNMG 120408 SNMM 120408
g = ‘E Dry HPC Dry HPC
E — | shape | color | shape | color | shape | color | shape | celor
83 snarled | bluish | short |metulhic| snaried bluc shot | metallic
ribbon washer ribbon washer
119 snarted | bluish | loosc |metallic| smarled | bloc short | metallic
0.12 tubular are | ribbon washer
’ 166 snarled | blue loosc |metallic| snarled | blue lonse | metallic
tubular arc ribbon b5 %
237 snarled blue loose |metallic|  short blue loose | melallic
ribbon arc washer arc
83 snarled bluish shorl jmetallic] snarled | blue short | metallic
tubular washer ribhon washer
119 snarled | bluish | loose |mectallic| snarled | blue loose | metallic
0.16 ribban arc rbhon an:
' 166 snarled blue loose  (metallic]  short blue loose | Bluish
ribbhon arg washor e
237 long blue loose | bluish | shen blue loose | bluish
washer arc washer arc
83 snarled | hluish | loose |melallic| snarled | blue loose | metallic
ribbon are ohbon arc
119 | snarled | blue loosc |meiallic| snarled | bive loosc | metallic
0.18 tubular are ribhbon HIC
. 166 snarled blue loose | bluish | short bluc loose | bluish
ribbon arc washer are
237 long bluc loose | bluish [loose are] blue loose blue
wisher are arc

ar —aaras sk

The vanation in valuc of chip thickness rativ {r)) with change in tool

configuralion, cuiting speeds and feeds as weil as machining enviromnent evaluated for:
¥
hardened medium carbon steel have been plotied and shown in Fig.3.7 and Fig3.8l
|
1
respectively, ;

a1 —
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SNMM insert under (2} dry and {b) HPC conditions.
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3.3.2 Cutting Temperaturc

High production machining associnted with high velocily and feed rate inherently
generales high heat as well as high cutting zonc temperature. The cotting temperature if
not controlled properly, cutting (ools underge severe Qank wear and notch wear, lose
sharpness of the cutting cdge by either wearing or become blunt by welded built-up edge
and wezken the product quality. [n normal cutting condition all such heat sources produce
maximum temperalure at the chiptool interface, which substantally influence the chip-
formation mode; cutting forces, tool Jife and product quality, High production machining
needs to increase the process paramelcrs further for mecting up the growing demand and cost
competitivencss. Culting temperature is increased with the increase in process parametcr as
well as with the increase in hardness and strength of the work material. Therefore, atlempls

arc made o reduce this detrimental culling lemys raturc.

In the Present work, the average cutling wmperature was measured under all the
machining condilions undertaken by simple but reliable wol-work thermocouple technique
with proper calibration. The evaluamed role of high-pressure coolart on average chip-tool
interface lemperamure in tuning hardened medium carbon steel by two types of inscris at
different V—F combinations in compare to dry condition have been shown in Fig.3.9 and

Fip.3.10 respectively.
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Fig. 3.8 Varialion in average chip-tool interface temperature with that of V and 1 in hard
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333 Cutting Forces

Cutting forces are generally resolved inte components in mutual perpendicular
direclions for convenience of measurement, analysis, estimation of power consumption
and for design of Machine-Fixture-Tool-Work systems. In tuming by single point tools
like inserts, the single culling foree peneraled is resolved into three components namely;
tangential force ot main cutting loree, I, axial force or feed toree, Fyand transverse force,
F, as has been indicated in Fip.3.11. Bach of those interrelated forces has got specific

significance.

Fig. 3.10 Component of cultiag forees acling on Lhe tool

In the prescnt work, the magnitudes of F, and F, bave been monitored by
dynamometer for all the combinations of tool configurations, cutting velocitics, teeds and
environments underiaken. The effect of high-pressurc coolant on F¢ that have been
observed while turming hardened medium carbon steel by the carbide inserts (SNMG and
SNMM) under different ¥V and f have been graphically shown in Fig.3.11 and Fig.3.12.
The effects of high-pressure coolant jet on the axial force or feed force. Py recorded under

different machining conditions have: been shown in Fig.3.13 and Fig.3.14.
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334 Cutting Tool Wear and Conditior

The cuiting iools in conventional machining, pafticularly in continuous chip
formation proccsses like turning, gencrally fails hy gradual wear by abrasion. adhesion,
diffusion, chemical erosion, gaivanic action ete. depending upon the tool-work malenals
and machining condition. Tool wear initially starls wath a refatively faster rale due to what

is called break-in wear caused hy aitrition and microchipping at the sharp cutting, edges.

Cutting 1ools may also often [ail prensaturely, randomly and catastrophically by
mechanical breakagpe and plastic defermation under adverse machining cenditions caused
by intensive pressure and temperature and/or dynamic loading at the tool tips particularly
if the (ol matenial lacks strength, hot-hardness and fracture toughness. However, in the
present invesiipalions with the tools and work material and the machining conditions

underiaken, ithe tool failure mode has been mosily pradual wear.

The geometrical pailemn of tool wear that is gencrally observed in tuming by
carbide inserls is schemaiically shown in Fip.3.15. The major fealures that ¢haracterize

flank wear and craler wear arc also indicated in that higurne.

The growth of flank wear, Vi with progress of machining recorded while turning
hardencd medium carbon steel by the SNMG and SNMM type inserts under dry and high-
pressure coolant conditions have been shown i Fig.3.16. The auxiliary tlank wear which
affecls dimensional accuracy and surface fimish bave also becn recorded at regular

intervals of machining uvnder all the conditicns underaken. The growth of average
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auxiliary flank wear, ¥y with ime of machining of hardened mediom carbon steel under

dry and high-pressure coolant conditions hive heen shown in Fig 3.17.
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Fig.3.15 Schematic view of peneral pattern of wear [98]

71



400

[ Crtning joe SNMET TN 4000
- Cutting velocity 114 m/min
= M| reea (10 timdrey
= T Depih of wit 1tk mm
o 300 -
- .
250
u 4
-
-
- 200 =
E e
= 150 H
=
=
o 100 —
= Environment
2 osg —O— by
i —a— I
[] L) I L) 1 h | I T I T I L] I L} I L) 'I T
0 2 q ¢! " ) 12 14 & 1% 20
Machining time, min
{a) SNMJ{3 inscrt
() - —
Cutnmg 1ol - SNMBE TN 200
Colting velociy - 114 m/min
S 1 Feed A0 ey
E, 1| Vepth of cut 10 mm
=, 300 -
- 4
E’ 250 =
L . or
=
- HH) O_,U
5 \ ﬁﬁ
= 50 J
= |
=
ErERlLE
= .
= Envirpnient
= 50— — =Dy
- I
ﬂ l T I T 'I T I T ! L} ’ L] [ Ll !’ T

0 2 4 H 8 14 12 I 4 16 1R 20
Machining time., min
{b) SNMM inserl
Fig. 3.16 Growth of average principat flank wear (V);) with time reconled during luming
- hardened medium carbon steel by {a) SNMG and (b} SNMM insed under dry
and HPC conditions.

12



41} — =

= || Culling oo T EMNMACG TN dieK

= Cutting velocty ;1 H mimon

::*-"‘ 350 4 i eml ST mnure

, epth of ot i mm

5 300 4 - o

s

Z 250 o

-5 . O_,O/O/

= 200 o7

5. Fokr

= AT

= /D’

A

==} -

) e

o Environment

L —O— Diry

-:I: =TI
1 T —I' T 'I T I ﬁ._d'l-'.

0 2 4 L] R 10 12 14 G 18 20
Machining time. min
(2} SNMC inscrt
T7 Cutting toul - SNMM TN 2340
Culling wveiloeily 2 114 mAmn
bl DU 10 menirev
Depth of cul LA mm

400

L2

A

=
1

11

=]

=]
]

Average auxiliary Nank wear, V_, um
— E_} m 1
= s 3
1 |

Environment
—ir = Py
weifp== FIIM.

1 ' 1 -~ F "7 71 1T 717
¢ 2 4 6 £ 10 12 4 1 1R 20
Machining time, min
{b) SNMM inserl
Fig. 3.17 Growth of average auxiliary Mlank wear (V;) with time recorded during turning
hardened medium carbon steel by {3) SNMG and (b) SNMM insert under dry
and HPC conditions.

The pattern and extent of wear that developed at the different surtaces ot the 100l
lips afler being used for machining the different steels over reasonably long period have

been observed under Scanning Electron Microscope (SEM) lo see the actual effects of



different cnvironments on wear of the carbide inserls of presenl 1w conhigurations. Fhe
SEM views of the worn out SNMUG inserts and SNMM inserts afler about 19 minutes and
16.5 minules of machining under dry and high-pressure coolant conditions have been

shawn in Pl T8 Fig S 190 Fig 320 and Figp 321 respectively.
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Fip.3.18 Scanning clectrome micrograph {SEM) of principal {flank of womn out tip of
SNMUG insert afler machining under (a) dry and (b)Y HPC conditions,
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335 Product Quality

I he perlormance and service hile ol any machined part are govered Lirpely by

gquality ol that product, which for a given malerial 15 penerally assessed by dimwensiona!

Fi



and form accuracy and surfzce integrity of the product in respect of surface roughness,
oxidation, corrosion, residusl stresses and surface and subsurface microcracks. In the
present work, only surface roughness and dimensional deviation on diameter have been
investigaled 10 evaluate the rclative role ol high-pressure coclant on those two major

aspects.

Surface roughness is an important index of machinability which is subsiantially
inflluenced by the machining environmenm for given lool-work pae and speed-feed
condilions, Suriace roughness has been measured at two stages; first, afler a few seconds

of machining with the sharp tool while recording the cutting forces and sccond, with the

progress of machining while moniloring growth of tool wear with machining time.

The surface roughness atlained after 45 seconds of machtning of the hardened
steel by (he sbarp {a) SNMG and {b) SNMM inseris al various V-I' combinations under dry
and high-pressure coolant conditions are shown in Fig.3.22 and Fig.3.23. The vanation in
surface roughness observed with progress of machining of the hanlened steel by the two
types of inserts at & particular set of ¥, f and d under dry and high-pressure coolant

conditions have been in shown in Fig.3.24.
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During straight turmming in a centre lathe, the diameter of the machined par is

generally found te

%1



i increasce along length of cut due o gradual wear of the ool Lip

i, decrease due to thennal expansion and subsequent cooling of the job if the
job lemperature rises significantly during machining

iii.  increase duc lo systcm compliance of the machine-fixturc-tool-work (M-F-

T-W) systern under the action of the cutting forves

‘The order of dimensional deviations possible duc to thermal expansion of the job
¢ven under dry machining and due 1o comphance of the M-F-T-W system werc calculated
for the stcel specimens being machined under the present conditions and the values
appearcd to be extremely small (less than | pm) compared lo that possible due to wear of
the wol tps, Therelore, in the present stedy, the dimensional deviations are considered 1o
be mainly due to wear of the tool tips. The vanation in diameter of the job was precisely
measured along 1ts axis atter one full pass of the machining over 260 mm length with fuli
depth, at reasonably high fexd and cutling velocity suilable for the tool-work combination.
This has been done for all the tool-work-environment combinations undertaken kecping

the initial diameter and lengih of the sieel rods same and uniform as lar as possible.

‘The gradual increase m dimensional deviations on diameter observed along the
lengih of cut on the sleel rod afier onc full pass of machining at cutting velocity of 114
m/min, 1.0 mm depth of cut and 0.1 mm/rev feed under dry and high-pressure coolant

conditions have been shown tn Fig.3.25. :
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Chapter-

Discussion on Experimental Results

4.1  Chip

Machining chips inheremly teils us the interaction characteristics ai chip-tool
interface. To asses the performance of the machining, it is always a good move 10 inspect
the machining chips. In our research work, we inspested the color and shape of the chips
and measurcd the chip thickness .ratin {r.) which is the ratio of the uncut chip thickness to
that of machined chip. Chip properties larpely depend on the hardness of the work
matenal, ool peometry-especially the rake angle and the cutting parameters i.e. cutting
speed, feed rale and depth of cut. They are also somewhatl dependant on the cutting

environment and the nature of the chip-tool imeraction.

Table 3.2 presenis the shape anld color of machined chips under both dry and HPC
conditions for SNMG and SNMM inserls, From the table we can see that the color of I_hc
chips are ranging from light to decp bive under dry condition for both the inserts, The blue
color indicates the generation of high heal at the chip-tool interface. At lower speed and
feed, (he energy consumption is relatively lower, but at high speed and feed, high enerpy is
consumed, friction between ool and work material increases and high temperature is
rcached which cuuses the color of the machining chips become deep biue. On the other.

hand, the color of the chip is metallic under high pressure coolant condition for both



SNMG and SNMM inseds. The high pressure conlaat jet lifted the chip upward, crealed a
wedge effect, and reached at the intecface that ultimately reduced the temperature at the

1
cutlinyg zme.

Now, il we compare the resull between the SNMG and the SNMM inser, we find
that the SNMG insert was the one which showed better result under high pressure coolant
condition. The clfect of high pressure coolant jel was more sipaificant for the groove type
SNMUG insert. This betier result can be aceredited to offectively larger positive rake ol the
wol and cabanced cooling by the coolant jets impending along the groove paraliel to the
cutting edges. £
The chip thickness ratic (r.) is another impodant index of chip formation and

specific encrgy consumpiion for a given twol-work combination. 1t 15 calculated from the

following equation, .
B U UU S 13.1]
o4 a4,
where, !

a; = Uncut chip thickness = [ sing

az = Chip thickness

¢ = Principal culting edpe: angle

f=TFeed raie

—

=k
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* In case of turning, the machined chip thickness 15 greater than the uncut chip
thickness hecause during turning process, the chips are under compression from three
sides. As a result, the chip thickness ratio shows a value smaller than L I the fnction ai
chip-ol interface can be reduced, the compeessive force on chips will be reduced also

which will yiekd a higher value of chip thickness ratn,

All parameters in machining are dircetly or indireetly linked with the chip
thickness ratio. I there is cxeessive heat generaled at the cuiling zone, there will be high
friction belween the wol and the work material. This frictional force will cause high
energy consumplicn hence higher cutiing force. These will fead to a low chip thickness

ralio which is nol desirable.

Fig. 3.6 and Fip. 3.7 show thal the value of the chip thickness raiio (£.) is smaller
than 1.0 al every condition. As the cutting spoed and fced rate increase, the value of the
chip thickness matio (r.) deereases. This is due to the higher energy consumption associated
with higher material removal raic. lor all speed-teed combinalions, the application of high
pressurc coolant shows higher values of feed rale 25 compared to dry cutling, The high
pressure cooling jet, with both its Jubricating and cooling clfect, minimized the shrinkage

of shear vone and plasticization and reduced the formation of built-up-edpe.

The pereentage increase in the chip thickness ratio (r) accomplished by applying
the high pressure coolant jet for both SMNG and SNMM inscrts under all specd-feed
conditions is comptied in Table 4.1 {or turmning hardened wedivm carbon stecl. The
average valuc ol the improvement in the value of chip thickness ratio {r.) is shown in the

insl mw.



Teble 4.1 Percentage increase in chip thickness ratio {r.) in wming hardened medium
carbon slecl

Cutting | . S == Tnsert =

specd ©SNMG S SNMM i

(m/min){ __ Percentage increaseinr, i P'ercentape increasc in ry .t
83 9 10
119 13 12
166 -1 ) 4
237 16 . 4
83 10 11
119 ] 8
166 5 6
237 £ 4
83 9 9
119 6 4
166 7 7
231 5 3
1 Avernge 3 7

r

From Table 4.1 we get that the sverage percenlage increase’in the chip thickness
matio for the steted spevd-feed condition is 9% under high pressure cooling condition for
SNMG insert The increment for SNMM insert is 736. At lower speed-feed condition, the

r
result is more setisfactory.

4.2  Average Chip-Tool Interface Tempernture

Hent generstion at the chip-tool interface is of prime concern in the machining
pm:cf;s. The machining temperature at the cutting zone must be reduced to an optimum
Jevel. During machining. shearing of work material, friction between the flowing chips and
mke face of the tool and [Hetion of nuxilinryrﬂnnk wilh [inished surfece nre the principal
sourees of heat generotion, The magnitude of the cutting temperature increases with the
increase of ;nntcrinl removal mic i.c. “’ili‘l the increase of cutting velocity, feed and depth

of cut, as a result, high production machining is constreined by the pscend in temperzture.
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of cut, as a result, high production machining s constrained by the ascend in lemperature.
This problem increases further with the increese in strength and hardness of the work

material.

High cutting temperature adversely aflects, dircetly or indircctly, chip formation,
cutting forces, tool life, dimensional accuracy and surfuce integnity nf the product. In order
1o cop with this problem, numercus attempts have been made to reduce this detrimental
cutting temperature. [t has been followed that in some cases, dry machining is preferabie
for hurd and difficult-to-machine materiais at low speeds. Bul at high speeds, cutting Muids
can play a significant roie. Application of conventional cutting Auids may cool the tool and
the workpicee in bulk to some oxtends, but it can mot ¢ool and lubricate expectedly and
effcctively the chip-tool interface where the temperature is maximum. This is mostly
because the flowing chips make mainly bulk cor tact with the ool rake surface and may be
followed by clastic conlact just before leaving v contact with the wol. This bulk contact
does not allow the cotting Muid 1o penetrale iuto the chip-tool interface. Llastic contact
allows slight penetration of the culting fluid only over a small region by capitlary action.
The culting (luid action hecomes moure and mmore ineflective al the interface with the

increasc in cutting velocity when the chip-toot conlact becomes almost fully plastic.

[n this research work, a tool-work thermocouple was calibrated 1o determine Lhe
average chip-tool interface temperature and the values were plotted against different
cutting speed under bath dry and high pressure ceolant condition for both coated SNMG
and coatcd SNMM inserts. [1 was expeeted that the applivation of high pressure coolant jet

would be much more cffective ai high speed-feed condition in reducing the avcrage chip-

a8 ']



tool interface temperature which plays an imocrative rle on productivity, dimensional

accuracy, surlace integrily and overall cconomy in turning hardencd medium carben steel.

In Fig. 3.8 and Fig. 3.9 the variation in average chip-tvol interface temperature at
different catting speed and foed is shown. The variation was studied for both SNMG end
SNMM inseris under dry and high pressurc coolant condition. At high speed-feed
condition, the MRR is high which requires high coergy consumplion. This high cncrgylf
inpul helps the culting Zone temperatuse iNCreasc. This is why the conlrolling of

lemperature is more imporiant in high speed machining.

Table 4.2 shows the range and average percentage reduction in chip-tool inicriace
temperalure (9) in turning hardened medium carbon stect for different speed-feed
conditions Tor both SNMG and SNMM inserts achieved by applying high pressure cookant
jel. From Fig. 3.8 and Fig. 3.9 1L is evident that with the increase in culting velocity, the
cooling effect gels more signiticant. The possible reason may be that high pressure coolant
jet reached the chip-tool interface even at high speed-fecd condition. The high velocity jet
uplifiex) the chip creating o wedge eflect and reached al the shear zone. There it performed
bath the cooling and lubricating effects and cventually reduced the temperoture. This
reduction in lemperature is very much appreciable in retaining tool life and product
quality. So, we can conclude that resulls of our research wok show that application of high
pressure coolant contributes to a decrease in average chip-tow! interface temperature hy a
momentous margin depending on the culling, parameters which is Turther deinonstrated by

the color of the machining chips.



Table 4.2 Percentage reduction in chip-tool inlerface lemperature {(8) in tumning
hardened medium carbois steel

Feed Cutting Insert
(mm/rev) | speed SNMG SNMM -
{m/mn)j Percentage reduction in § Percentage reduction in 0
83 L] 110
012 L_i19 13 9
166 11 8
257 9 5
83 1 | g
0.14 119 ¥ B
166 9 5
737 T 8
83 I ] 8
0.16 119 10 e
166 11 O
237 9 g
Average I 8

4.3 Cutting Forees

The forces penerated during ths machimag process have a significant effect on Lhe
quality of the part that can e machined. Fxcessive forces can lead te premature tool
(ailure, tool vibration, high temperature generation, large tool deflections and significant
mechanical loads on the workpices surtace. Large iool deflections can lead to form errors
because the tool tip posttion deviales [ the expeciled position. Large mechanical loads
on the workpicee sorface can affect the topography 2nd inlegrity of 4 machined surface.
For each of these reasons, 1t iy importard to understand how changing process condstions
alTect cutting forces. There have been so many experimental investigations in hard turning
that have included cutting force data. Altempis have also been made (o model cutting loads

in machining through empirical, analyvticai, mechanistic, and numerical {(inite element)
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techmqgues. These approaches have pmﬂucbd reasonable resulis for both expensive and

inexpensive cutting lwols (typically witl an ideal peometry).

In hard tuming, there are highty (hree-dimensional cutting geometry, large
negative rake geometries, and a chip feemation that typically has intermittent penods of
high and low swain (chip segmentation). BHach of these difficulties makes the force
behavior in hard tuming more complicated than conventional machining. The two
components of cutting force (main cutting force and feed force) were recorded dunng
machining under dry and high pressure coolant conditions Tor both SNMG and SNMM
insers al repular intervals. The foree components were measured with a strain-gaupge type
force dymamometer and recorded with a PC-based data acquisition system, as detailed in

chapler I and chapter 2.

Fig. 3.11 10 Fig. 3,14 reveals that there is no signihcant inerease of cuthing forces
with the increase of cutling speed although the enerpy input into the syslem and the strain
slress were higher at high cuetling speeds. This can be explained by increased heat
generated at the shear zone that was sullicient to plasticize the workpiece malerial and

hence reduce its strengh.
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Table 4.3 Pereenlage reduclion in main culting force (k) in tuming hardened medium-
carbon sleel

‘eed Cutting Insert
(mm/rev) [speed SNMG SNMM
(m/min} Percentage reduction in F, Percentage reduction in F,
EE 24 i3
0.12 119 24 14 5
166 21 15
237 20 11
Rl 17 13
0.14 119 16 12 '
166 16 i2
237 17 7
| 83 16 13
0.16 119 15 ) 0
166 16 7
237 17 6
Average 18 11

From Fig. 3.11 to Fig. 3.14 we can see that the high pressure coolanl jct has been
successiul in reducing the main cuiting force and feed force. The reason behind this is
mainly the reduction of friction sccomplished by the lubricating effect of the coolant jet.
The coolant jet, with its high pressure and velocity, was able to reach the tool tip where it
performed its lubricaling and cooling ellecis and minimized friction to a notable extent.
Another reason acting behind these lowered cutting forces may be the reduction in chip
load. The high velocity coolant jol impinged on the rake face uplified the ¢bip and reduced

chip load which eventually helped the cuiting forces fall down.

1able 4.3 and Table 4.4 shows the pereentage reduction in main cutting foree ()
feed Toroe (Fy) in turning hardencd medivm carben steel. For SNMG and SNMM insents,
the percentage reductions in main cutling force are 18% and 1% respectively and the
percemtage reductions in leed jotee are 7% and 11% respectively. The deep groove at the




rake face in SNMG insens facililaled the coolaat jet to reach the wol tip more elTonlessly
than SNMM inserls. So, for SNMG inserts, the reduction in cutting forces 15 more

significant than for SNMM inseris.

Tahle 4.4 Percentage reduction in fecd force (1) in tuming hardened medium carbon
stecl
Fead Cutting Insert
{(mmirev) | speed SNMG SNMM
(m/min)|  Percentage reduction in Fy Percentage reduction in F
&3 19 13
0.12 119 19 14
166 18 15
237 16 11
#3 17 13
0.14 119 16 e 12
166 16 12
237 17 7
83 16 13
016 119 14 9
166 16 7
237 17 ] .
Averape 17 Il

4.4 Tool Wear

Al conventional specd, tool wear is mainty due W abrasion and adhesion, but is
dominaled by diffusion process at higher speeds. High pressure coofant directly reduces
!

the diffusion process by decseasing the cutling zone temperature. As a resull. a delayﬁ;
progression of 1ool wear s followed under the high pressore coodant condition. The wn&.l-‘:
of cutting tools is penerally quantitatively evaluated by the magnituies of Vi, Ve, Vi,

Vo, ¥ elo. Among them, averape principal 1lank wear, Vi 15 considercd to be Lhe mosl
1

!
significant parameter at least in research work, The earlier investigation carried out by Lhe'
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" " presearchers reveals that the application of conventional culting fluid does not
always help in reducing tool wear in machining steels by coasted or uncoated carbide

inserls rather in some cases cxacerbale wear.

Rise in cutting force and temperature is directly relatcd with the growth of
principal Nank wcar {Vg). So, the principal flank wear I ihe foremaost concern amony all
the tool wears. The life 'of carbide tools, which usually Jails by wearing, is asscssed by the
actual machining time after which the average value of its principal flank wear reaches a
limiting value, like 300pm. so, decrcasing the rate of growth of principal flank wcar

without sacrificing the MRR should be, therefore, our prime concern.

In order to measure the Vg we used an optical microscope. The inserls were
withdrawn at regular iniervals to study the partern and extent of wear on principal and
auxiliary flank faces under both dry and high pressure coolant conditions. The gradual
growth of principal flank wear (V) was observed during turning ol hardencd medium
carbon steel by coated carbide inserts (SNMG and SNMM) at a culting velocity of
114m/min, feed rate 0.14 and depth of cut 1.0mm under both dry and high pressure coolant
conditions. Tlus platamc’rcr combination is scleeted because from previous discussion it has
been experienced (hat the performance of high pressure coolant is more elfective in cutting
velocity of 119m/min. feed rate .14 and depth of cut 0.8mm. It can be clearly observed
that the principal flank wear (Vp) decreases significantly under high pressure coolant

condition.

Fig.3.17 shows another tool wear criteria the average auxiliary flank wear (Vg)

which governs the surface finish on the job as well as dimensional accuracy. If the average

04



auxiliary flank wear (Vs) is high and imegular, the surface tinish and dimensional accuracy
will be interrupted. In Fig. 3.17 thz growth of average auxiliary flank wear (V) has been
depicted for both SNMG and SNMH inseris under dry and high pressure coolant
conditions. This lgure shows that thers is a subsiantial improvement in reducing the

average auxiliary flank wear {(Vy) under bigh pressure coolant condition.

In high pressurc cooling systen, the coolant jel was pressurized about 70 bars.
This high pressure carried the coolant jet inio ihe plastic contact between ool tip and
workpiece where it cooled the interface and lubricated properly. It also helped to reduce
the heat generation caused by the friction between auxilinry flank face and finished surface
by appropriatc lubrication. Such improvemenl by high pressure coolant may alse be
attributed to retention of proper sharpness and hardiess of the cutting edye by the sieady
and intensive cooling, prolection (rom oxidaticn and cormosion and  absence of built up

edge formation which accelerates both crater vicar and flank wear by (laking and chipping,

The auxiliary Mank wear, which occurs due 1o rubbing of the leol tip against Lthe
fimshed surface, causes the dimensional inaccuracy and worsens the surtace fimsh,
Gradual decrease in depth of cut which is proportional to the width of average auxiliary
Mank wear {Vy) increascs the diameter of the job n straight tuming with the progress of
machining 2nd tbe irrcgularity developed in the auxiliary cutling edge due to wear impairs

the surface finish of the produet.

In the process of systematic growth of colting, ool wear, the cutting tools usoalty
first undergo rapid wear catled beak-in wear at the beginning of machimng due to attntion

and micro-chipping and then uniformly and relatively slow mechanical wear foilowed by
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i
fasier wear at the end. The mechanism and the rale of growih of cutiing tool wear depend
much on the mechanical and chemical properties of the tool and the work materials and
their behavior under the cutting conditions. While machining this hardened medium
carbon steel, no noiching was found 1o deveiop in any of the inserts even under dry
machining condition possibly for the good chemical stability and uniform hardness of this

steel.

In during tuming of refatively sofl and ductile materials by uncoated or coated
carbride Lools sl reasonably high specd-feed condition, crater wear in governed manly by
adhesion and diffusion for rubbing at higher siresses and temperature and flank wear
mainly by abrasion for less pressurc and terperature. But adhesion and diffusion type
temperature sensitive wear may also ocour, in addition 1o abrasion wear, at (he tool flanks
if the flank temperature becomes high. Tumirg of sbong metals like hardened medimm
carbon steel at reasonably high velocity aad feed (119 m/min and 0.14 mmfrev
respectively) vnder dry condition is expocled 1o cause sufficiently high (emperature ol the
ool flanks. Adhesion and difTusion, therefore. are also likely to have comtributed to the
flank wear in the present case, and seemingly high pressure coolant jet has prevented such

temperature sensitive adhesion and dilTuston as well as redueced abrasion wears. =

Fig.3.18, Fig.3.19, Fig. 3.20 and Fig. 3.21 show the SEM views of the wam out
inscrts aficr machining of hardened medium carbon steel at effective in cutting velocity of
119m/min, fced rate §.14 and depth of cut 0.8mm for diflerent periods of Hme which
qualitalively point toward the conclusion that the application of high pressure coolar jet
has provided substantial reduction in overal! vear ¢f (he inserts. Fig. 3.18 and Fig 3.19

b
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also show (hat the principal flank wear is more uniform under the high pressure mulan}

condition than under dry condition.

4.5 Product Quality

If hard tuming is lo replace any grinding operation, it must be capable of
producing surfaces of acceptable quality. This includes both the surface topography
(surface finish) and surface integrity, which is echicved when “the surface of a component
meels the demands of & specific stress system and environment” [22]. Kahles e al. [23]
defined an “extended surface inweprity dola sel” which includes: surface finish,
microstructure, microhardness, fatigue resisiance, residual stress stale, and frictional
characteristics. :
'

There are two major types of surface damage that can be caused by hard tumning.
The first is while fayer, which has generally been assumed Lo result from temperatumg
generaled at the workpiece surface that cxceed the austenitizing temperature of the
malerial, followed by rapid cooling. The secand type of damage is the formation of
undesirable residual stress prufiles al, and just belovs, the workpiece surfece. Mechanical
loading, plastic flow, and phase transformation can affect residual stresses, but pegative
effecls arc primanily due to the clevaled tempsratures during machining. Thus, the two
types of damage (white layer and tensile resicual stress) are related and have generally
been investigated logether. It is generally believed that generation of while layer requires
both excessive heat at the workpiece surfice and subsequemt rapid cooling. Hesl
generation is attribuied to large amounts of energy genemated in the shear region dunng’

chip formation and 10 the Frictional energy between the wol flamk and workpiece surface.

{
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However, cxperimental results disagree about the source of mpid cooling. Tonshoff
performed hard wuming experiments with and without coolant and found the while layer
magnitude was identical, indicaling that workpiece self-cooling, and not coolam, must be
respongible for quenching of the workpiece surface [26, 27]. This argument is reasonable
because the heai-affected zome is amall in hard tuming, and because the cutting velocities
are farge enough that the contact time between the tool and workpiece is minimal.
Therefore, it is possible that the bulk workpiece matenal acts as a heat sink and draws heat
from the surface 1o creale a self-cooling efcet. However, Konig et al. (28] found thai
culting with a worn tool produced white layer, but that similar cutting conditions with the

application of coolant resulted in undamaged surfaces.

In this researeh work, surface oughness has been measured at two stages; frst,
afier an interval of 45 seconds of machining with sharp tool and second, with the progress

of machining while monitoring the growth of tool wear with machining time. .

In both stages, lhe surface roughness values under the high pressure coolant
condition shows betler resulis as compared to dry condition as referred by Table 4.5. It
also shows that the maximum reductlion in surface roughness for SNMG inserts is up to

23% and for SNMM inseris it goes up to 19%.
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Table 4.5 Percentage reduction in surface youghness (R,) in tumning hardened
medium carbon steek

Cutting {. Léngth,|  * .- C ‘Insert J o
Tspecd jiof cutill 50T SNMG " SNMM K
ev) |(m/min)| (i) Percentage redaction in R,. | Percentage reduction in Ry 3
Wl g 10 33 30
20 40 31
R w : 30 29 25
s e[ 40 33 31
| s 50 33 26
s ghelinl 60 27 26
s s 70 19 16
gt 80 21 20
g ] 90 2 19
4 é* ié‘cl 1640 20 13
iﬁf‘fj w1 ¥ L0 17 13
G 120 e 12
Tkl 130 16 14
R A 140 14 13

The dimensional deviation increnses along the length of cut due 1o gradual wear
of the tool tip. The same thing is observed in this research work. Under HPC condition, the
ool wear was delayed by reducing the temperature and forces, as a resull, from Fig. 2.5 we
found that the reduction in dimensional deviation is much more significant under this

condition than under dry condition.

The investigation on the dimensional deviation was camied out al a cutling speed
of 114m/min and at & feed rate of 0.10 mm/revy with 1.0 mm depih of cui. Table 4.6 shows
that under high pressure coolant condition the reduction in dimenmsional deviation for
SNMG insert poes up (o 40 % anc! for SNMM insert it goes up (o 31 % depending on the

length of cut.
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Table 4.6 Percenlage reduction in dimensinaal devialion in turning hardened medium

carbon steel
‘ Fead Cutting B I Iﬂ!e"t b »}“3':4 ,.Q%'Hg-. :._:. 11 I-:'-_:f;.::‘-:'.:'
-(mmfrev) 31-"”‘} — ® TERMG T e SNMM e
[i ! II. "o (mfmjﬂ , PE tl! rd ir M M wa
e - reentage umunm-..#;u e 3
i ! diinensional deviation” 34|l r” :I‘m&ﬂ ;ﬁm; i
i T 83 13
© 012 19 12 12
166 17 13
237 21 16
43 18 10
0.14 119 17 7
166 18 15
237 23 15
23 20 12
0.16 19 19 9
: 160 15 7
237 15 12
Average i) 12

Apain for SNMG inseris, the reduclion in dimensional deviation is better than for
SNMM inserts. Decause the groove in SNMG inseris provided better cooling and chip ]

removal than the SNMM inserts which have provided less tool wear resulting in less!

1
!

dimensional deviation.

i
The reasons for this redaction in dimensional deviation can be attributed to ﬂ:::lr

proper cooling at the chip-tool interface. The less generation of heat produced lezs thermal !
expansion of the work malerial eventuelly decreasing the dimensional deviation. Proper |
cooling also provided retention of tool sharpness and delayed tool wear which also

coniributed to the decreased dimensional deviation.
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Chapter-3

Conclusions and Recommendations

5.1 Conclusions

This rescarch wurk justifies the capability of the hard tuming process under high
pressure coolant condilion with coated carbide inserts. The goal of this study was lo
cvaluaie the eflects of high pressure coolant system on the wear behavior of the coated
carbide culting tools and on 1.he resultant surface quality along with the cutting force amd
temperature. The following conciusions can be drawe from the aforesaid results and

discussion.

i.  The present high pressure coolant system enabled the reduction in average
chip-100] interface temperaure up to 13% for both SNMG semd SNMM
inscris depending on the cutting conditions. This apparenily diminutive
reduclion enabled considetable improvemem in the major machinability

indices.

ii. The shape and color of the machined chips became favorable due to the
application of high pressure coolant as it provided s(fective cooling at the

cutting zone, The high pressure jzt also improved the nature of inleraction at



1il.

iv.

the chip-lool interface which results in aboul 10%% decrease in the chip-lool

interface tempcrature.

The investigation shows that the application of high pressure coolant jet
trmmed down Lhe main cuting force up to 24% for SNMG insenis and up
lo 15% for SNMM inseris. The {ced force is reduced up to 19% for SNMG
inserts and up to 15% for SNMM inseris. The high pressure coolant assisted
hard turning facilitated the reteniion of tool edge sharpness for a longer
period and also provided effective lubrication al the shear zone. These
resulted in Jess fction and ultimately Lhe less cutung lemperature which

scems io be the main reason for the decrease in cutting forces.

Increased cuiting speed has a detrimental effect on ool performance as the
research reveals. Feed has a much less detnmental effect on the chip-lool
interface teinperature and cutting forces, rather feeds actually have a
positive effect on cumulative volume. This means that increased feeds
gctually lead 10 an increase in the number of paris that can be machined
wilh a tool before it fails, despite the fact that the tool fails sponer than at

smaller feeds.

Application of high pressure coolint jet produced reduced tool wear, good
dimensional accuracy and surface finishes lhal are sccepuable for mosi
applicalions. In general, this study shows that hard tuming is capable of

producing precision paris and can replace grinding {for many epplications.
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vi.

vii.

By selecting e coaled 1ools, it i= possible to cul faster doe (o the improved
wear resistance of the tools, which in tum allows decreased feeds (and thus
better surface finish), produces higher material removel rales, and reduces
the cost per part. The resulls also uncover the [act that SNMG inserts

performs betier than SNMM inserts under both conditions.

Acceptable dimensional accuracy and surface finishes are possible by hard
tuming. The quality of hard mmed surfaces is generally good. Even when
while fayers exist, they arc below 2 pm and would be removed by
superfinishing, which ofien follows hard turning or grinding. Swrface finish
15 slightly poorer than grinding, values due to plastic flow of the material
around the nose of cutting tools. This plowing action is inevilable due 10 the
negligible chip thickness that occurs at the two boundanies of the contact
area between the lool and workpiece. Flank wear progression is non-linear,
but corresponds 10 a linear mcrease in the volumetric wear loss, Cutting
speed has a much more detrimental effect on tool life than feed. Increased
feeds are actually advantageous if the goal is to maximize the number of
parts per tool insiead of cumulalive cutting time. The improved performance
under the high pressure coolant condition allows cutting at higher speeds,
which in tum yields lower chip-lool interface tempersture and cufting
forces, improved surface finish, higher material removal rates, reduced

machining time per parl, and redueced cost.

143



5.2 Recommended Future Works

This research work filis a void in hard turning rescarch by establishing techniques
o quantify wear behavior and developing a cooling sysiem Lhat accounts for nunimizing
the detrimental effects of increased cutling zone temperature. Independent studics of
abrasion, adhesion, diffusion, and chemical reactions should be underteken w identify the
polenttal contribution of each of thesc mechanisms io material loss al differem stress,
lemperature, and environmenta conditions. [t iz expected thal different mechanisms will
be dominant at different cutling regimes, and hopefully independent models can be
combined into a useable wear model that describes in a more physical way the effects of

cutling conditions on wear hehavior,

i.  In our experiment, we used ong cooling jel, but if we use three cooling jet
pinching towards the rake face, principal and auxiliary flank face, the result

may get betier which 15 yet to be investigated.

ii. The pressure and flow tate we selected are 70 bars and 6 liters'minute
respeciively. These two paramel:rs can be changed and its effecis can be

further analyzed to find the optimsm result.

tii. In measuring chip-tool mterface temperature, we considered the average
values only. The peak values are yet to be tested w uncover the temperature

distribution in the chip-tool contact length,
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v,

Another area thal needs significant attention is lool design. All testing
presented in this research work used identical tool geometry, although it is
not expecled that this geomctry is oplimal for any or all cases. Previous
works have shown that wol] gzometry affects nearly everything about Lhe
process: tooi wear and failue, cinting force behavior, surface roughness,
residual stresses and white layer generation. Both experimental and
modeling work should be used o 1dentify the best iool geometry and edge

preparation for different matenials, cutiing condilions and applications.
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