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Abstract

A dillieull-to-eut material like hardened ~tccl i~ used predominantly in the

automotive and !>caring industries due t,) its exceptional ~-orrosi"n ami thcrmal re~istanee

and high shear strength. Ahnls;ve maLhining processes such as grinding have lypically

heen required to machine hardened steels, hut advances in machine tools and cutting

materials have allowed hard turning '.m modern lathes to become a realistic replacement

for many grinding applications. De:;pite so many advantages, implementation of hard

turning remains relatively low, primarily due tn concerns about the quality of hard turned

surfaces and a lack of understanding about the wear behavior of cutling took In general,

the most important point in machining proccsses is the productivity, achieved by cutting

the highest amount of material in the shortest possible time using t()l)ls with the longest

lifetime. Combining all the parameters involved in the machining process to maximize

productivity is, nevertheless, a very complex ta~k and becomes much more difficult when

working at high speed machining in hardened steels. To address thi~ concern, this research

investigated the ellcet:; of cbanging pmcess conditions on wear behavior when turning

harden~-dmedium carbon steel (56 HRC') with coaLedcarbide cutting tools.

The aim of this resean:h is to investigate the influence of fccd rate and cutting

speed on the wear behavior of both ShlMG and SNMM coated carbide inserts under high

pressure coolant condition. Invc>;tigation on the effC(;t of high pressure coolant on the

machined chip, culling tcmpcmturc, cutting force~ alld product quality is the prime

intention of this rcsC'<lfCh.
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To become a realistic replac,'ment for grincing operation, surface roughness

produced by hard turning must be eomr<lL:~bleto grinding process if hard turned surfaces

are to be accepted, Steady and prugressive sUlfaee oollghnesses with dimensional deviation

have been investigaled in this research wInk. The rcsulls indiCllte that proper 'electi,," of

machining condilion and high PI\'SSUI\' cooling system yields acceptahle dimensional

accu,dCY and surface quality. It also allows adequate tool life by keeping the cutting zone

temperature and cutting forces at lower ievels.



Chapter-l

1.1 Introduction

--

Introduction

,
Manufacturers generally attempt to produce a product within the shortest possible

time keeping the cost of the product at a minimum level ",'i\hout afTecting the quality of

the product as well. As, environmental regulations arc being emerged and imposed, the

manufacturers are put to re-fabricate their manufacturing proccsse,-and reduce or eliminate

hannful chemicals, dusts and eftlucnts a,sociated with machining that can deteriorate the

environment. The hamlful waste present in machining includes cutting fluid, chip and

worn out cutling tool.

We measure the pcrfoffilancc and .\crvice lire of an engineering component ba:.ed

on its dimensional and form accuracy and surface quality. After bulk material removal by

machining we have to perform grinding as a fini,hing operation to attain the desired

accuracy and surf<lce integrity. 'lhe e\'er inereaging demand for higher productivity,

product quality and low production cost in manufacturing by machining and grinding,

particularly to meet the challengeg thro\\'n by liberalization and global cosl

competitiveness, insists high material removal rate and high ~lability and long life of the

cutling tools.



In practice, high production machining wit!'. high cutting velocity, feed and depth

of cut is intrinsically associated with the generation of huge amount or heat that ultimately

consequenct':; high cutting tempcmturc at the culling zonc. This high cutting temperature

110t only ro<Juees dimensional accuracy and tool life but also adultemtes the surface

integrity of the product. Grealcr energy consumption lcads to more sCvCre thermal elTects,

eventually making the melal cutting proccss more and more incompetent in terms of tool

life, dimensional accuracy and material removal mle. Elevated 1001 temperatures have

negative impact on tool life. The chip.lool inlcrfw.:to temper<llure plays a vital role in the

thenna! distortion and dimensional a(;cur<ley the machined part and in the toni life as well.

11also weakens the surlaee integrity of the product by inducing residual stresscs in the

surtace and subsurface micro-cracks in addition tn mpid "",idation and cOTmsi"n. Tool

becomes softer and wears more ha~tily hy ahrasion as lcmperature is increased. In many

cases, constituents of the tool mllY dil1us<: intn the chip or react chemically with the work

piece or culting fluid. So, our cfforts should be focEsed on reducing thc cutting zone

tempen.ture as far a~ pos,ihle.

When carhide to"ls were inlwduced with "lher ne", methods of machining, the

clTieieney of lhc metal culling "pemtion, irnpHlved to a certain exlenl under normal

eulting eondilions. l'ruse-nlly the high lempcmture pwblems are tried to he eliminated by

reducing heat generation lUld removing lhe generated heat from the cutting zone hy using

the comhination of optimum machining parameters along with the work and tool malcrial

and application ofctTc~live culling n'lid. I'hc fnremost process parameter.; io this case- arc

the culling sp.:cd, feed rate m.d depth 01.cuI. Some recent techniques have enabled partial

control of the machining temperature by using heat resistant tools like coated carbides.

2



rCD, CBN, PCBN etc. Ilowever, dimmmd and CBN tools are very expensive and the

prdCtiees in the industry are still not wide spn.".ad. Machining productivity can he

significantly improved hy L>ffil'loying the right cJm[;,ination of cutting tools, cutting

conditions amI machine tool that prop up high speed machining without cumpromising the

integrity and tolerance of the machin<'d components.

Ovcr a long period the m:mufacturcrs havc [;,een trying to reduce cutting

temper-Iture [;,y applying water solufJlt, cutting fluid from overhead position. This type of

cutting lluid not \,"Iy cools the tool "nd job but also providcs lubrication and handles the

chip to clean the cutting wne and prOTectsthe nascent finished surface from contamination

hy the gases(~uch as; oxygen) pre,ent in the atmosphere. Bul these conventional types of

coolants and the methods ofthcir application surcly hav') some limitations.

With the, increase in cutting vel~JCityand fced it becomes almost imjXlssible for

the cutting fluid to enter into the chip-tool interface to cool and lubricate the interface due

to hulk plastic cOlltact of the chip with the tool rakc ~urface, Besides. oftcn io high speed

machining the cutting fluid may cUuSe premature failure "f the cutting tool by fracturing

due to close curling of (he chips and thermal shocks. '[his is for why the application of

waler based culling fluid, i~ generally avoided in machining sleels by brittle type cutting

tools like carbides and ccmmic~. Thc more severe apprehensions associated with the uSCof

cutting tluid, particularly uil-ha.~L..JIy:", are thc flI,lIutinll of the working environment,

water pollution. 5"il contamination and possi!>lc damagc oft!>e mac!>ine 1001slide ways by

COITOSlOn.
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In conventional cooling system, the culling zone is ollen nooded with coolant

without considering the r~'quiremenl~ "f the specific proc"ss. Scientific investigations and

industrial applications have indced shown that the type of coolant and its supply inl1ucncc

the quality of product and tool lik to a great extent. l3ul in some cases. application of

cutting Iluids is considen:d undesirable, cspecially in machining some alloys and heat

treale<.!materials.

llie manulilclurers in model~ ind"strie~ are, therefore, searching for possible

means of dry, and pollution frec machining. In order to control high cutting temperature in

high speed machining, some altemati,'c methods has been reported. Typically the high

cutting temperature is controlled by profuse cooling 11-31. But such proliJ~e cooling with

conventional culliog !luids is not ahle to solve these problems fully even when employed

in the limn ofjct or mis!. Witb thc adv,:nt of some modem machining proccs~ and harder

materials and for demand of pn:cision machining, the control 01"machining temperature by

mme etTeclive and elTieienl cooling ha, l,,,cmne eXlremely essential. Culling forces and

temperature is reduced while ma<:hining sted with tribologically modified carhide in,;erts.

Coating technology improves dry luhrication under nonnal cutting conditions. Near dry

machining technologies or minimum quantily luhrication (MQL), which uses the fine

'pH.} of cooling medium, are being perused as alternatives li)r conventional c(>olanl~.

Cryogenic machining wilh liquid l,itrogcn and machining with minimum quantity

lubrication (MQL) ha.~ improved mac'1";nahility of stcel to a certain extent under normal

cutting conditions. It has also been rep'>r1Lx!that though the machining of steel with liquid

nitrogen improves the machinahility in"ex; it is not used in industrial practices due to high

cost of liquid nitrogen and sharp incrcm,mt of notch W,:M under nitrogen rich almosphere_

4



lligh Pre~sure Coolant ddivery is <Inemerging technology that uses up 10 3000

psi (205 bars) 10deliver a high velocity jet uf molanllO the cutting zone. The combination

of fluid volume and high velocity pmvicl~s a major improvement 10 lhe machining process

over the traditional flouded delivery. I ,(log stringy chips arc broken up and rapidly flushed

trom the cutting edge ~" thaI they arc [lot cut again hy lhe luol. providing longer tuol life

and II hetler finish. Heat is reduced al ti", tool that significantly extends its life, Greater

lubricity of the coulant is achieved by the high velocily jct between the chip and the

cutting tool. Productivity and quality art' maximized and coolant life is extended. The high

pressure and high volume delivery of elCE coolant to the cutling ~urfaee pemlit increased

toolEfe and higher rotational spoxd~ with r",due~.,jeyele time.

Under Ihe~e cun~idcmli()ns, lhc conccpt ofhigh-prcssure coolant prc~cnt~ itself a~

a pos~ihle solution for high speed machining in achieving slow tool wear while

maintaining culling forces/power at rc,,~onable levels, if the high pressure cooling

parameters can he strategically tuned. Mazurkiewicz ct al. [41 reported thaI a coolant

applied at the cutting wne through a h:gh-pressurc jet no~'l.1ccould reduce the contact

length and cocllicicn\ of Ii-ictiun at ehip-hl(ll interface and thus could reduce cutting forces

and increase tool life to some extent. It !.lIShoxn reported thaI the cooling and lubrication is

improved in high ~pc~-dmachining of ,]:ffieult"!o-tnal:hine materials hy the usc of high-

pressurized coolant/lubricant jet [2]. High-pressure coolant injection technique not only

provided reduction in cutting forces and t""'perature but also reduced the consumption of

cutting fluid by 50% [2, 5J.

'Ibe overall success of implcmt'nling this technology in the rcalm of metal

removal industries therelo!e depends on in..:reased research activities providing credible

5



data for sound understanding of high-pres~ure eoolan' supplies at the chip-tool interface

and integrity of machined components. In this regard, the present researeh work is carried

out to experimentally invc~tigale Ihe rclc of high-pressure coolant on chip murphology,

avemgc chip-tolll inh:rface temp"mturc, cultin!l luree, feL"lifurce, tool wear, dimensional

deviation and surface finish in turning hardened medium carbon steel, at dilTerenl cutting

velocity and feed combinations by coated carbide in~rt under completely dry and high-

pressure coolant conditions and to find oul Ihe advantages uf high-pressure coolant

machining over dry cutting. So, the aim of the high-pre~surc cooling systcm is to improvc

the qualily of the surface machined (lOughness and accumcy) and to pm]"ng Ih" toullife

under high speed machining as welL

1.2 Literature Review

1.2.1 Introduction

Hard twning differs trom conventional IUming of softer materials in scveral key

ways. Because the material is hanter, specific cutting forces are larger than in conventional

turning, and thus the engagement klw('el) culling toois and the workpiece must k limited.

At the small cutting depths rcqui,,~d, el~'.tingtakes place on thc nose radius of clltting tools,

and the tools are typically prepared with chamfered or honed edges to providc a stronger

edge geometry that is Jess prone to plenlaturc fracture. Edge preparation is critical for

ceramic cutting l(lOls. which are requileJ because they maintain adequate hardnes, even at

the elevated tempcn,tllres thai are dcvd"[1ed when machining hardencd ~tccls_ Cutting on a

chamfered or honed edge eqllatcs to a large negalive effective rake angle, while neutral or

(,



positive rake angles are typical in eonvc<:tional rn(l(:hining. The large negative rake angles
-; ,OM ,

yield increased cutting forces compared to machir'ing with positive rake tools, and also

induce larger compressive lO(l(1';on t;,," machined ~urfacc. Iligher tempemtures arc also

genet'lllcd in the culling :rune, ar,d hc"ausc culting b typically done without coolant, hard

turned surfaces elm exhihit thermal ,hUl13gCin the I(,rm of micfl) structural changes and

tensile residual slres:;e~_

1.2.2 Research OBHard Tnroillg

As large cutting forcc is as""ciHtC<!with hard tlIming, rigid and precise machinc

tools are prime prerequisites to cxpel any vibrdtiun or chaltcr. In juxtaposition with the

invention and development of new cutting tool materials and the rigid machine tools hard

turning have become a practicable process. Tonshofr eI al. [6J found that the large negative

rake angles (Irom the edge chamfer) Ofi tools used for hard machining yield large dynamie

thrust (ilteCS that require adCqUllt~ machioe rigidity, spindle power, damping

characteristics, and accuracy or motion along the axe~ of the machine. Jl.osssom PI found

that tools with chamfered edges produced cutting furces twice as large as non-chamfered

tools. Cbryssolouris [S) showed lhat when machining in a poor stiffness &etup, tools failed

quickly due to edge fracture. These needs have led to recent machine tool designs that

improve stifliless aod damping by ';cvcral methods. New machines have incorporated

polymer composite materials in the nmchine base, reduced the number of joint, in the

machine. and develuped impmved slide ways such as bydrostatic designs [9, 101.

Advances in the control capabilities IUl'''' also ,improved the accurdCY or the machines.

7



II would be i"kal 10 cEmina:c all machining operations, including bolh hard
-.j -

laming and grinding, hccau~c they arc waslcflll pnKesses Ihat arc not particularly efficient.

I-Inwcvcr, many parts specifications necessilale Ihat finish machining he done aftcr heat

treatmenl. Ilisturieally Ihis has hl-"Cildon': hy grinding, and hard turning must hc capable of

pnxlucing similar gcomelrie prcei,i"n and quality ~llrl;ICCS. S'-'v'-'ral ,ludie~ havc

inves1igated the capahility of thc proees' to compelc with grinding, and most have

concluded Ihat al pruper condition>' with a good rnachin'-', hard turning can producc

dimensional aeeul1ley and surface lln;~hes acceptahle for most applicalions. Matsumoto et

a1. [II] were ahlc to hard tum parts with surface linish ranging from 0.045-0.191 !Jm, and

sllrl"ace Wa•.ille"~ from 0.175-1.26 !lm, 'I'hey had ddcnnincd Ihat rcquircrnerns for a ball

bearmg surlaee werc less man \J.L ~I:ll

wavmcss, Similar results were I"und

lor K surlace Ilmsh ami•
hy .Ioehmann and Wirtz

less than I,) !Jill lor

[12]. who produced

consistent peuk -to-valiey finishes bclow 1.0 ,1m, rou:1dne~s below 0.2 !lin. and cylindricity

below 1.0 !lm. AhnlO and Aspinwall fI31 were able to produ"e a slIrI"a<:efinish with

rnllghnes~ val"" Ie as I"", as 0.14 1"11

I'i\l:. 1.1 Saw-toothed chip pwduc<.:dby hanl turning [14]

A signiikanl amount of rcscnrch in hard tuming has focused on understanding

chip fonnatinn. The mechanics of chip fonnation in hard lurning arc very [mlikc chip
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lurmation in oollcr steels, where wntinu"us chips ha\G typically been observed. This type

of chip IllTTDutionwas the hasis of 'early 'J\il(,hining mo-Iels a~ shown hy Merchant [14] and

Lee 115].1I0wever, many machining 0p:I"&tions produce cyclic chips that can be described

a.~the wav} chip, the catastrophic ,hear chip, the scgmental chip, and the discontinuous

chip [Ie]. In hard turning, periodic sew-toothed chips have heen observed hy many

researchers, as seell in Figure 1.1. Two ;cparatc explanations orthe mechani~m lhat CauseS

this type of chip turmation have developed.

The first theory suggesls thal chip segmentation IS initiated hy shear fracture,

caused by a Clllnpressive slress indueL..i 'iy the cutting lOol that exceeds the critical shear

strc~~ "fthc matcrial at the free surface of the workpiece [17, 181. Thc crack creeps toward

the cutting edge until the cllmpn..-ssivc sto-ength is sufficient to slop crack propagation and

eause pla~tie dcfonnalion of the remain;r,g portion of the ehip ~egmcnt along the fracture

line. As the tool continues to move, the chip segment is pushed out along the fracture line,

and a new chip segment forms <I' the compressive slP"% huilds and a new shcar fracture

initiates ahead "f the culling edge.

A second theory describes the chip segmentation mechanism as catastrophic

~train localization 119,20,1. Strain localization occurs when thermal softening behavior

dominales ,,~er th•. dlccts "f slrain rale 'lardcning in the shear zone, This behavior has

been "bSCrvL..i in many materials with p"or thcrmal pwpcrtics, ~ueh as titanium and nickel

alloys. These 'natcriais' ahility to del,,,,n plaslically can vary with tcmperature due to a

possible phase transformation and the :csulting chaflbc'; in crystal structure [16]. The

conditions for strain localization arc typically met wh~n the strain rate exceeds a critical

value. This critical strain rdte is a materi"l property, and can he exceeded 1Nithincreasing
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~llltillg velocity. Evidence of this theory is the ons~t of chip segmentation above a critical

~utting velocity 1211.

If hard turning is tn replace any grinding operation, it must he eapahle of

producing sllrfaee~ of acceptahle qt:ality. This includes hoth the ~urfaee topography

(surface finish) and surface integrity. whieh is achieved when uthe surface of a enmpcJncnt

meets thc demands of ~ speeilic ~t'l"~~system and environment" 122J. Field el al. [2:lj

dctined all ""extended surface integrity dala seC which includes: ,;urface finish,

mieroslructure, microhardnes" Iatig'JC resistance, residual stress slate, and iiietional

characterislics.

Fill:,1.2: l'ypieal white layers 1241

.[hcre are two major types or surface dam~-~ethai can"" caused hy hard turning.

The fir-;t is while layer. which has generally heen a~sumed to result from temperatures

generated at the workpicce surface that exceed the austenitizing temperature of the

material, 1,,1I0wed hy rapid cooling. The second type of damage is the fonnation of

undcsirahle rL'Sidualstress prolilcs at, and just below, Ihe workpiece ,udace. M,,~hani~al

loading, plastic 110w.and ph<lsclrall~i<)mlUti()n~an "neet residual stresse" hut negative

efi"ets ar~ primarily due 10 the c\cvdtcd tempcmture'. during ma~hining. Thus. the two
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types of damage (white layer and tensile residual suess) arc related and have generally

been inv",stigatoo together, Typical '.vhite layers hom machining harden",d steels are

shown in Figur", 1.2. Notice that even when white layers exist, the thickness is very small.

Abrao and Aspinwall 1251 reported tlwt at a range of test conditions, the thickness of the

tnmslormcd layer was below 3 flm.

It is generally believed that gmeration of white layer requires both ",xcessive heat

at the workpiece surface and subsequent rapid cooling. Heat gener-llion is attributed to

large amounts of energy gencra:ed in the shear region during chip fonna.tion and to the

frictional L'Ilergy between the tool flallk and workpiec", slIrI"ce. However, expt;:rimental

results disagr",e ahollithe sOllree of rapid cooling. Tonshoff el al. {26, 271 performed hard

turning experiments with and without coolant and found Ihe while lay",r magnilude was

idenlical, indicating that workpit\Ce self-cooling, and not coolant, must he responsible for

quenching of lhe workpiece surlace. 11,i~ argument is reasonable because tbe heat-affected

zone is slIlllll in hard tllming, and becallSe the cutting velocilies arc large enOllgh that the

eonlacl time rn,tween the t""l and workpicce is minimal. Th",rerore, it is possihle that the

.,' bulk workpicce material aels as a hc.1l sink and draws heal Irom the surl"ace to create a

self-cooling ciTed. Ilowever, Konig ~l al. [28] lilund thai cutting wilh a worn tool

produced white layer, bllt that similar cutting c(lnditi(lfl~ with the application of coolant

resulted in undamaged surface~.

Many rcscarchcr~ havc paid considerable atteution to the generation of white

layer because it appears similar \0 themlal damage g,meralcd in grinding lhal is referred 10

as "'grinding bum,"' To determine the stJ.llclure of white layer, Tonshoff el at. [26] used an
'.

X-ray technique to determine the separale structures of the bulk workpiece material and
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the white layer region. The results showed that for 16 MnCr 5 sleel hardened to 60-62

HRC, the hulk material was cnmpmcd of approximately 75% martensite and 25%

au~tcnite. The white layer consisted of "nly 30% martensite and almost 70% austenite.

However, inspecti"n of chemical eone'~~tmtions whell machining ASTM 5I 15 showed no

difference between the surface bye)' and bulk [26]. Apparently, the crystallographic

structure may change, but there is not !',ufficienttime for diffusion.

Griffiths [29J reported three s,tuations where while layers have been generated:

surfaces subjected to significant rubbing and wear (railroad tracks as an example), slllfaees

that sec similar conditions resulting from pin-on-disl: testing, and surfaces that undergo

certain machining processes. Arinskmei~r and Brockhoff [30] presented evidence that in

addition to machining conditions, material properties affect white layer generation. They

attributcd formation of all white layers to heating and quenching of thc material, and

concluded tbat chemical composition of the material affects the transformation. Griffiths

[29J did not agree that all white layers a,'e cau~d by a transformation, and suggested that

other calL~esmay be surface reactions with the environment and plastic flow that causes

,.1 grain refinemcnt. Several publications have proposed :hat white layers may have increased

hardness relative to the bulk matcri:il 130-32J. Others have reported nearly identical

hardness in the white layers eomparl-"<.i'~'ilh the bulk material133J.

To discuss the effects of hard Turning on residual stresses, the surface influences

of hard twning eompared to grinding '.!>ould be mentioned. Compared to grinding, the

torce components are large, particularly the thrust I,m;", which is gencmlly larger than the

cuning I'Jfce in hard lurning. [I" the toni loading i~.th"ught of as a Hcrt~jan contact, the

maximum compressive stress induced ill the workpiece occurs at a depth approximately
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0.7 limcs the contact area of the ;OL)!. Bccause lhe c<>nrnctarea is larger than grinding (a

single grit) and load is increased. brger residual (omprcssive stresses thaI penetrate dceper

below the workpiece surfat-e rc~ull in hard turnL-Ucomponents_ This was verified hy

Brinksmcier et al. 1341 and Konig el al. (35). 1\s expected, Ihe magnitude and depth of

residual stresses are a function 01 tool geomctry and process conditions 111,31,34 and

36J.

Unlike residual lensile stress, rca~onatl[(. levels of compressive stress are

desirahle. Ba~ed on the residual st~~ss calL~ed by mechanical loading only, hard turned

surtaees should exhibil inere-<lscdfal'gue life compared 10 ground surfaces. !-Iowever, Ihe

undesir<!ble tensile stresses g"Berated by heat are superimposed on the compressive ~1ress

[27,35]. As 1001!lank wear incrC'<lses,so does the frictional energy between the tool flank

and workpiece, as well as the depth of thc compressive stress induced by me.:hanical

loading, ThU.'l, increased tool wear rcsults in larger tensilc slresses ncar the surface, which

is then followed hy steep slress gr.tdicnts with a Jarger compressive stress further below

the surface. 'Ihe stress pattern with I.,ss ovcrall ehange was generaled by a 1001wilh very

little tlank wear compared 10 the other stres~ pattern, which was generated with a

significantly worn tool.

In addition to tool wear, 1001 edge geometry has an effect on the residual stress

protiles that are generalt-d. Kishawy and Elbestawi f3'71 investigaled the effect of the edge

preparation in eoml1inalion wilh cutlinll 'pt"Cd nn the residual stresses of hardened D2 tuo!

steel. '1l1iek et at. [38) rcportt"<.!,-hecfkct~ of edge geumetry, feed, and workpiece material

hardness on ~llbsurtace deformation and residual sllcsses when finish machining hardened

AISl52100 ~lecl.
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While much attention ha~ bl",n paid to the influence of hard turning on surface

integrity, surprisingly little has been done to understand the effects of resultant surface

integrity on pert"rmancc (wcar rcSi,t:OlCC,strength, lutigue resistance, etc.). Signilieant

ellneerns exist about white layer amI letlsile residual stresses on the wnrkpicce surlucc, t1l1t

most research has disputL-d the~ con{'crtls about hard turned surlace quality. Griffiths and

FlIl7c [391 showed that white layers .-educed wear when running block-on-ring tests on

EN24T (similar to AISI 4340). TonsholT and Hrinksmcicr [401 attempted to use micro-

hardncss and residual stresscs lu identify mechanical and thcrmal innuences on the

workpicce and relate this tn functional hehavior. Matsumoto ct al. 141J fly cut AISI 4340 at

58 HRC and found that hard machined fatiguc samples exhibited slightly increased

endurance limits compared to ground samples. r'otating IJ<,nding tes\.s showed a 7%

de<;rea~e in fatigue limit with increascd 1.001 wear [26]. The results also indicated that hard

turncd surfaces always exhibited cumparahlc latigue strength to ground surfaces. Abrao

and Aspinwall 1131 perlormed axial fatiguc tests on hard turned bars, and found thal bars

turned with peBN lools perl"rmed OCllcrthan hars machined with alumina tools and also

bener than b'J"Oundsurfaces. Matsumdo et aL [42] showed similar results. indicating that

hard turned and superfinished l'ornp<.lnent~had cumpa'llble or impruved fatigue life. Smith

143110lllld improved wear resistancc and axial fatigue life on hard turned surfaces, even

with whitl' laycrs.

Even if the issues of machine tool design, dimensional acl'UHICY,and surface

intcb'lity can be addressed satisfactorily, tool wear remains a major ohstacle to further

implementation of hard turning. Mo~l r~s~arch in the area of [001 wcar has focused on the

influence of tool material properties. workpiece makrial properties. and culling conditions
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Oilwear behavior, although some s!mJ.n have also reported the elfeets of wear on surface

iotegrity,

Resistance to tool wear is reta!~d to CBN content. grain size, binder material, tool

geometry. cutting edge geometry (sharp, honed. or dl'.'mfcred), workpiece properties, and

eUiting conditions. The effects of 1001wear include: reduced tool life, increased surface

roughness, increased culling I"rces; mere tensile residual surface stresses, and incre;c;ed

white layer thickness_ While tool wear and to"llife ultimately dictale whether or not hard

turning can produce acceptable surtaees over Ihe life nf a tool, and whdher or not it can he

justified economically compared to grin-:ling, research in tbe area of tool wear seems to

have take a hack seat to sludies of dlip formation aod surfaec integrity. This seems

untortunate Oceaus<: the research has shown that acceptable surfaces can be produced at

proper conditions, sO for many applications uncertainty about wear behavior i, all that has

limited hard turning.

Tool material profl<--rtics and workpiece properties obviously affect the wear

behavior of tools. Scveral c1forts hav.: focuscd on tool composition, with the goal of

ddermining optimal mixtures for the cnmposilc tooh used in hard turning. Bossom [7]

shnwed that low CHN conlen! tnol, «70% CtlN) produced beller tool life and surfaces

than high CBN conten!tool~ (>90%). Similar results have been cited by many others 142]'

Takatsu ct al. [441 performed tests on JtS SUJ2 hearing steel hardened to 62 HRC with

tools that wen: identical other than CtlN ,;onteni. Tiley fOl.md that flank wear and crater

wcar were both minimi"ed at a ('tiN p'~;ccntage of 55%. This confirms thaI lower CBN

contenltools perform bettcr than high CDN content toc>ls,but no consistent explanation for

thc improved performance has been presented.
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Workpiece malerial propertiCf' also affe<:1 the wear behavior of rCBN tools in

hard machining. [.un cl aL 1451machirlcd AISI 4340 steel at hardness nlJlging from 35-55

HRC. and I"und that hllCdncss alfectcd cutting Ii'rce~ and 1",,1 life. Bolh culting fmces and

1001 lile we"" oplimal (low Il,rces. long lile) at il workpiece hanlness of 50 HRc'

Matsumolo and Narutaki [46] fiJUnd ,'dhesion of iron on the 1001 face when lurning

hardened steel with a high CBN content tool, and proposed that this adhered layer

contrihuted to de<:reased tool life. Jlowever, they al~[) found thaI adhesion of MnS on the

tool lace when machining a carhurized hearing sleel creatoo a luhricating layer that

reduced to"llchip friction and incrca~ed lool lifc. Harry and Byrne [47] found a 400"10

dillerenee in Ihc wear rale of nominally similar 4340 steels with only ~light diflerences in

the workpie<:e inclusion eonlent and size.

It seems that no cohesive hody of knowledge has developed to explain lhe

interactions between the cutting tool and workpiece that lcad to tool wear. Surely research

will continue in thi~ area until wear ph':nnmena are hetler understood. In the meantime, it

is also important to unden<t3nd the I'llI'Ll uf l"ol wear on Ihe hard turning process, and

more speeillcally, on the quality of machined surfaces. Sine<: much attention has been paid

10 surlaee integrity, the general inl1uel'cc of tool wear on white layer generation and

residual stresses is better known thai the mechani~m_~ for tool wear itself. In general, CIJN

t"ol~ finm sClirs on both the flank and mkc surf"cL"S,,1-lhe cutting tooL Ilistorically, flank

wear has been slUdied more than cmtcr wear bccause it is easier t" rneasore and because it

is believed to rclale more directly to surlace finish a~d surface integrity [25]. Increasing

llunk wear t<:nds to increase the fridion between the tool and workpie<:e, and the additional

heating that results from frielio~ wns shown to cause white layer fonnation by Konig e1 al.
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[35]. They also reported that the thermul_effects, fi'Om,increast'u friction lcad to more

tensile resiuual stresses at the workpierc !mrfaee, bill more compressive subsurface stress

profiles. Chou and Aarash 1481 sUg£l'Skd thaI flank ",car is the main contrihulor to while

layer formation. Chou and Evans 149J showl...:!tlmt surface rooghnes, and clilting forces

increased signilicantly with flank wcar when turning M50 steel. They found similar results

for MSO fonmxJ i>ypowder metallurgy [SOJand Sista et al. [51J showed ~imilar results

when hard turning M2 tool steeL

Because tool wcar aflcet~ cutting forces. culling temperatures. resultant surface

quality, and tool life, it is important tr, quantily this behavior and relale il to cbanging

pruce~s conditions, A summary of the literature indicates thallool wear lend~ tn increase

workpiece lempcr'.ltures, increase euU;II,\ forces (especially the thm~t lim;e), cau>£:more

tensile residual ~trcsses, generate b ~'~r white layers, and diminish surface finish.

lIowever, must work has bmm qualiwtiw in lUIture. Research that inve~tigatcd wcar of

diflcrent grades "f 10,,1 materials "n various workpio,'Ce malerial~ has nol produced

quanlitalive descriptilln~ of wcar IllOdes. Rewarch ji,eused on the dl"cl, of wear on

temperatures. force', und surface ljuality ha-'inot suflieiently dcserihed the condilion of the

culling tonI. ht-",ause lhe ell"et "I' the crater ,ear "n th.: cull iog process hus !>ecnneglected.

Surprisingly, the ciTed, "f process condili<lns (specds, feeds, and depth of euls) on wcar

behavior are relatively scarce in the literature. 'I hus, this research aim-'i to describe in a

quantitative way the influence of culling conditions on the chip fnnnatiotl mechanism,

wear behavior "f carhide 1001 ,md relate the wcar behavior to changes in cutting

temperatures a"',1resultant sur lace ljuaJily,
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Machinability of materials usually judged mainly in respect of chip morphology,

chip tool intemetion, cutting lempcrmure, cutting forces, dimensional accuracy, surface

integrity and wear and life of culling to.ol with using culling l1uid and wilhout using cutting

fluid. lIc«t genenllion and high culling I:mpemturc is inherent charactcristics of machining

doe 10 shcaring of wurk material, friction between Ih.e !lowing chip, and rakc lace of the

tool as well as friction of auxiliary flank with finished surface, At such c!evated

tempemture the culling tuol if not enough hot hard may loose their form or stability

quickly or wear out rapidly resulting ;" increased culling lorces, dimensional inaccuracy of

the pruduct and shurler tool lite, The magnitude uf Ihis culling temperaturc increases,

though in dillerent degree, with thc i'I<'Icase of cutting velocity, l•..."d and depth of CUI,as a

result, high produdion machining i, constrained hy rise in tcmperature. This problem

inCTCasL"Sfurther with lhe increase in strength and hardness of the work material. Usually

water soluhle CCllOve"tional culling fluid is appliL~l to "ontrol such elevated culling

temp"rature hut it is incff,,"ctiv,, ;" high spL...,dmachining and als" is a major source of

environmcntal pollution in th" machiniog indu,tric~, ~cscarch hll~ lll,o occn initiate<! on

oontrof such pollution by Ileat llnd clean machining like Cryogenic cooling, MQL cooling

and high-pressure coolant (lIre) machining and their technological efTccts particularly in

tempcrnture inten~ive mochining and grinding. A nrid' review of ,ume of the inlcre~ting

and imporlant c"nlrihllti"ns in thc c1"sel,. rc!atc,d arcas i~ presented in Ihis sedion.

The high spccilic enerK' rcquired i,l mllehioing under high culling velocity and

unfllvordble Clmdition of machining results in very high temperature which reduces the

dimensional occuracy and toul lite hy plastic delimnalion llnd rapid wear of the cutting

points (52-541. On the other hand, ~ucl1 high tcmpcmturc impairs the ~UrfllCeintt:grity of
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the machined component hy severe plastic flow of work material, oxidation and hy

inducing large tensile residual strcs~s,' urface and sub,urfacc cracks [53].

The mechanisms of material deformation, friction and material removal lead to

the initiation of machined components, where the temperature of the rdke and flank is the

most important factor to affect It:e chip formation, tool wear, cutting forces and surface

integrity IS, 55J. At elevated temperato]'(.' and prcssuJ"l' the cutting edge dcforms plastically

and wears rapidly, which lead to dimensiooal inaccuracy, increa'ed culling forces and

premature tool fai llire !56].

According to Muller and Blumkc [S7J, high speed machining for a given material

can he defined as that spel-'<.lal:>twcwl,ieh shear.l(X;uli'l.atio1\ develops completely in the

primlllJ' shear 7A.lne.Fkinovic ct al. r~8[showed that when hardcncJ steel is machined,

high spccJ machining conditi,lOs appearcd at elltting sreed al:>tlVcISO mlmin, Their

conclusion was drawn on the hasis or evalllat)"', on chip shape collected during

machioing.

Ng et al. [59] pmposed that thcl': is a reak cliiting temperature at an intermediate

clitting sp'.'ed and whcn cutling spccd i, i"crca~ed from this point, thcre is a reduelion in

tempcraturt'. Since Ihi~ claim mo~t "f thc literature has concluded that th"TC is no

corresponding reduction in l"mremturc at highcr cutting speeds. Conwrscly, Vernun and

Ozel {60J statcd lhal the limit of culling specd is a function of the culling tools used.

Fkinovic et al. 161] sugges1l"d that temperature is increasct1 wilh cullinI': sf!C"d up to

maximum which is cqualto the mellin~ point nfthc work piece, No tcmrerature reduction

oceurreJ at highcr cutting spl--cds. Bu! li,crc i~ nO fixed limit tn the cutting speed when
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machining aluminum alloy beea\L~ethe n:elting point of this alloys (up to 600"C) is lower

than the temperature at which cementeJ carbide and ceramic tool materials begin to lose

their strength and wear rapidly.

Cutting chips nccomcs hlue ir, colm due to intensive high temperature during

machining. With the increase in cutting speed, feed, Jepth of cut and hardness of the work

material the chips twm to grac~uaJder:p bluc_ K"sa and Ney [62J suggested that in

machining ductilc metals, the heat and temperature developed due to plastic deformation

and ruhbing of the chips with tool, may "au,e continuous huilt-up of welded dehris which

alTe<:tsnwchining operation. Austenitic stain\c" steels are generally consi,lcred diflicult-

to-machine ~ause of high work-harc'(',ling n,te, toughness and ductility. Therefore, tools

will nc subjected to high frictional hcat, and chips will have a tendency lo stick and cause

severe buill-up edge tiJrmalion. It was ohserved 1631 that, in machining ductile metals,

producing long chips, the chip-tnol co-,tact leogth have a direct innllcncc on the cutling

temperature llnd themlO-chcmieal We~lrof cullifl[llools, The clll1ing tcmpcrature becomes

the mllXimum on the rake tace urthe 1001 at a certain distance from the cutting edge where

cr<llering occurs. Such high rake face lcmpcratun: c,an also raise the temperature at the

nank orthe tool. Komanduri ami Schroeder [641 reported lhal machining locone! with bot-

pressed ceramic and cuhic hnron nitride culling tool pmducc~ dil'ICrenl types of

longitudinal chips. At lower sp""d (<:30 m/min) the chips arc mechanically continuous

although highly enilcd. With incr"ascd ~pttd (up to about 91.5 mlmin), shear localization

is initialed. The chips fomled arc c{)lTlpri~cdof many s~g.mcnts stron~ly joined together

forming a continunus tight coil. With a further incr~ase ;n "p,.-cd, the cx1cnt or contact

betwccn the scgm~nt" dL-crcascs. At aboul 152.5 mimin, short chip~ with only a few
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segments joined together are produCCG, and from this speed onward, the chip segments are

completely isolated. P!lShby el al. [65J I'foposcd thattt,c cutting speed at which a change in

chip form oecors varied from tool material 10IDOlma'er;aL Kitagawa el al. [M[ conducted

experimcnL~ with,ceramie tOtll under Ilood conling condilion and concluded that with

increase in cuUing sp"ed, ",rr"tions in Ihe dip become oovious and toe chip thickness

decreases.

Vlcugels {67] observed lhat 1he eonlael length between Ihe tool and chip has a

direct inl1uencc "n the eutling telllPeratures and the amount or heat energy thai is

dissipated in the luol which enhances thennally ((ctiV/,led chemical wcar. I"ornpov and Ko

[681 also rq'ul1e<! thm. in machinin'~ ductile metals, the chip contilct length plays

signilicanl role on the chip lmd 1001tempcrallll'C which becoml's maximum almosl at the

centre orthe chip-Iool contact SUrl;lC" "here crater wcar begins and grooves intensively.

Generally, shcar angle decreasL's with increas.; in cutting velocity and a high shear

angle imprnves lhe machillahilily 'll" sleel. M,,-~atoshi l1ira" cl al. 1691 concluded that

molybdenum and vanadium mixed nitri<iing sleel produce~ long cutting chips at low

cutting velocily hut the eutling tool is .,wnc(imes hroken hy long cnntinuous chips which

affeel~ shear angle. I)uan and Wan!,: 1701 suggested that an increase of work material

hardness increases the shear angle, the lemperalure u~d lhe yield slrength hut reduces the

aver"ge stress r<lt'o on lhe primary dd'",nalion zone. Sulter [711 reported that conlinuous

chip forms during machining material having good thermal property and low hardness,

whereas ribbon like chip or 11segmen[;l1 (or shear lUC'lli/.cd) chip forms during machining

material having poor thermal properly lr,d high hardness.
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StratTord and Audy 172] invp,s!igatoo the relationship between hardne~~ and

machining forces during turning of AISI 4340 steel with mixed alumina tools. The results

suggest lhat an increase ifl hardness leads to an increlN" in Ihc machining forces. Tool

geometry is another important fador a!1Ccling machini~lg lln-ces. especially the feed (axial)

and thrust (mdial) tim:e components [73,. The usc of large nose radius together with low

depths of cut leads to tow true side euttiflg udgc angle vatues, thus resutting in high thrust

forces [.58]- I,iu et al. [751 observL~1th"l the culling ler,lpcrature is optimum when Ih" work

piece materia! hardness is HRC 50. With further increa~e in the work piece hardness, the

cutting temperature shows a descending lendeney. Liu et al. 1741also Sl1ggcst~ Ihat, under

difTerent cutting panunc[crs, the role of culling forec change, with work piece hardness.

The main culling t'lrce features an incrc,,-,ing tendency with the increase or the work piece

hardness.

According to Trent [75j, \hI: culting tool generaily Wldergoes both !lank wear and

crater wcar during machining. Flank W(W gcnerally causes an increase in the cutting

fOreL.".dimension,,1 inaccuracy a"d vihration. Crater We,," takes place on Ihc rake face of

the tool where (he chip "Iide~ over Ihe tool sudaee. R",,,i "m] Clark 1761 reported Ihal Ihe

hardness, plastic modulus und the rmctU]e toughness of Ihe 1001 deC!inc with inerea'>C in

cutting tempcralul1:. which aeedermcs l"oj wear mte. Moreover. thermal strc~scs in the

tool increase mlh the tempemlur3 rcsuiling in mOl\: cracks in the 100] and premature

failure orlhe (001. The amount ofem:rgy dissipaled thCllUghthe rake face orlhe tool raises

the tempcmlurc al Ihe tlanb of (he lm,1 1771. Wang ct al. (71l1 reported th,,1 the oorm"l

turtling chips otlen have C(lflsider"hk slrellgth and cause cm(er wcar, crack de\'clopmenl Or

other kinds of surface damage on the l<'1;e face 01" the tool. Liao and Shiue [79J reported
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that built-up edge (BUE) is formed \\'i~l)chipping of the cutting edge during miOChining

lnconel with carbide. They also obseTved Ni and Fe diffusion into the cuning tool. This

dilTusion of the work elements into til,: cuning tnol may be cxplaincd by the very high

cutting templ.'ruturc during the experime"ts,

Kitagawa et a1. [661 investig<>tc1too! wear and cuning tool lempcmlure by means

of turning eXpI.'riment in the presence of 10% water base coolant. Temperature rose

monotonically, up to ahout 1200" C, w:lh increasing cutting speed. They c<.mlirmed that

notch wear VN were the major types of wear observed. Howcvcr laking into account the

decreasing "f nuteh wear at higher culling specd, they estimated that the wear

charach:risties observed canoot he exclaimed by h:ml'emture alonc and thc "'car is rather

developed hy an ahrasive process lhan I, thermally activaled adh",sion mcchani~m.

Rahman ct al. [1101discussed the machinability of Inwncl 71 K subjected to

vanous machining parameters including 10,,1gemnciry, culling 'JlCcd and ICed mle on

nank wear "I' the coated carhide insclls, work piece surface r<lughnes' and cllUing force

component' as the perfonmmc" iodicators I'm too) lite. TI",y ohs"rv"d tha! tool life

increases with the increase in side euttillg edge angle for the inserts and the heat generated

during the cutting process is dislritlllt.:d over a greater length of cutting edge. This

impnlVcs the heat removal from the culling edge, distrihutcs thc cutting forces over a

larger portion nflhe cutting edge, rcdlh'es tool notching and suhstanlially improves tool

lile.

Most of the major paramcters including the choice of tool and coaling materials,

tool geometry, machining method, cutting speed, reed rate, depth of cut, lubrication, must

23



be controlled in order to achieve ad~quale tool lives and surface integrity of the machined

surface [81, 821. A cndcr i~ usually limned at som~ distance from the cutting edge and it is

most frequently observed when culling ~teels and other high-melting-point metals at

rdatively high cutting speeds 18-'1. Thi~ craIN gradually hL"Corne~dceper wilh time and

may Icad to thc hreakage of the culling edge, rendering the t(~)1uscless.

Luo el 'II. 1451 report,:d lhal when luming AISI 4340 steel using mixed alumina

and pellN tools the flank wear is reduced a.-;work matenal hardness increased up to a

critical value. A further increase ill !f.e work piece hardness accelerates the tool wear rate.

The reduction in ,,~,I wear up In critical i~ altrih"ted to the elevation "f the cutting

temperature. which reduce~ the ~he; I strength of the work material; however, thi, e/Tect is

not oh,;crved whcn the hardne~s ex~e ;..Jcd critical value. rhe material transfer leads to the

formation of a crater on the 1001rake ("aceand con~equenUy reduces the tool mechanical

resistance and its elliciency. Dillil~ion phenomena were first reported by Molinari and

Nouari 1841 whtl showed that at eonventiHnal spcc,.t, iool wear is mainly due to ahra~ion

and adhesion, hut is dominalec! hy dilru~ion proecss at higher speeds.

Sevcre Hank wear and noteillng altile tool nose and/or the depth of cuI line arc

the domin~nl f~llure modes when machining niekel-hased alloys with carbide tools [78,

85, 86!. HIC recommended culling sJ'C<;dsrange is from 10 10 30 m/min wilen machining

nickel-hased alloys with eemenh,d ca,bide tools 1871. Cemented carhidc lools cannot he

used to machine nickel-based allo}', al high speed since they cannot wilhstand the

conditions of extreme high Icmpcmlucc and stress in the cutting zone. Rapid increase in

notching occur.; on earhide tools al higher eulting speed. This tlsually leads to the

premature fraclure of the entire inse~ .:dge 1881, Flank wear generally eauscs an increase
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m the cutting force and the inlena,i,1l temperalur~, l~ading nonnally 10 dimensional

maecuracy m th~ work pIeces machined and 10 vibralion which mak~s the cutting

opcmtion less efficient [89[_ l.arge nos:; mdius and culling ooge angle values may improve

the surface tinish ofthc machined part pwvidcd tool vibration eanl>c avoided [9OJ.

1.2.3 Controlling OfCUttiDg Temperature

Rcsearch Ihat has been carrie<!out in the past focused on the temperature and its

distrihuti,lII in thc culling :tonc hecau,"" it is bclievoo that il has a direct impact on 1001life

\911. Due t" such high temrx:ralure :'l1d prcssure th(; '-'lIlling edge dcl'JrIns plastically and

wears rapidly, which lead to dim..-:nsional inaccuracy, increased cutting forces and

premature tool failure_ On the other :,and, the culling lemperature, if it is high and is nOI

controlled, worscns the surface topogl1lphy and impaim the surface integrity by oxidation

and introducing resid\llll stresses, micro-cracks amI structural changes. CuttiHg zone

tempcmlurc can be conlmllcd by

l. proper selection of machiping paramelt'rs

II. Using convention"l coolant

Ill. Using modi lied coatcd t,wl applying multilayer coating I,l' dry luhrication

IV. using heal and wcar resistancc cutting wob

v. using proper lype of co"lan! and their effective upplication (Cryogenic

machining, MQL euoling and high pru,~urc c<.lolantj'" as~isted machining).

The ma.:hining tCll1pcratur~ "all hl' reduced tn some extent by improving the

machirwhility characteristics of the work material metallurgically, optimi~.ing the 1001
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geometry and by proper selection of lh", process parameters [92, ,)3, ')4]. But for higher

productivity in manufacturing by ma,:hining to me-:t the global cost competitiveness,

insist.~ high material removal rdtc as w<'ll as high process parameters.

Generally, suitable culling l1uitl is employed to reduce eutling temperature

through cooling ami lubrication at the culling mne. The culling fluids arc believed to

reduce cutling temperature either by removing heat ;c; a coolant or rooucing the beat

generation as a lubricant. In addition, the culling fluid has a practical function as a chip-

handling medium j95]. Rut it has been rupmllld that luhrication is cffcetive III low speeds

when it is acnllnplished by dilTlls;on Ihrough lhe work piece ami by li,rming solid

houndary layers Ii-om the extreme PI":SSllre additives, but 'II high speeds no suniciellt

luhricatioll effect i~evideJlI[%I. The primary function of cutting l1uids is to reduce this

cutting Icmpcraturtl and increa.se tool life [97]. Thc ineffectiveness of lubrication of the

culling nuid at high speed machining is aHrillllted to the inability of the cutling fluid to

re<u:h lhe aduul culling wnc and parliclilarly 111the <;hip-Ionl ;ntcrfac(, due 10 hulk or

plast;e contacl a1 high CUlling speed ItJK_Hlll.

The high cutting tcmpemtur~ is controlled hy profuse cooling [1~3]. Rut such

profuse cooling with convention~l culling l1uids is not able to solve thcse prohlems fully

even when employed in the 10rm of jet or mist. CuUing Huids also help in m<u:hining of

ductile matcrials by reducing or I'rev(,nling Ii'mmlion or a built-up edge (HUE), which

degmdes the surface tiJl;sh 1116].

The effed uf the heat genemllx.l al the primary shear wne is less significant for its

lesser inlcnsity and distance from th( rake swfacc. However, the heat generated at the
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chip-tool interface is of much greatcr significance, particularly under high cutting speed

conditions where the hcat source is a thin (low-zone seized to the tool [76, 102, 1031. The

coolant cannot act directly on this thin ~one hul only externally cools the chip. work piece

and the tool, which arC accessible to the coolant. Removal of heat Ily conduction through

the chip and the work piece is likely 10 havc rclatively little ",Ili:ct on the temperature at the

chip-tool and work-tool int",rface. The cooling and lubricating affecls by cutting fluid

influence each other and diminish with inerca~ in culling velocity 1671_Since Ihe cutting

Iluid docs not enter the chip-lool interface during high speed machining, the cutting fluid

action is limited to hulk heal removal only_

A cutting fluid may imparl two more actions, namely the mechanical strength

reducing action and thc electro-chemical action. The mechanical strength reducing action

seemed to bc negligible when sK"",1joh_~arc machined at moderate cutting speeds with

carbide tools l t I. The influence of the electric current flowing through the culling :lone on

the rate of 1001wear is also well known 11041_llowevcr, most commercial cutting fluids

arc non elL"Clro-condlletive, and as suell the situation with respL'Ct In CllITt,.oolflow is not

vary significantly from the dry Culling easc_ The electrochemical action is treated as II

corro~iml phenumenun in respect "flOOI wear.

The application of abundant culling J1uid, however, inerc,,-,cs Ihc cultin!j process

costs and in hanlened sted cutting, dne, not allow the work piccc soften, which is good for

the process [105J. Ekinovic et at. 159J "uggcstcd that, the usc of allundanl cutting fluid

(wet condition) has the advantages of providing chip transportalion, reducing rriction and

cooling the work pie<.:c. Fur example ;1 cutting fluid is not \I'ed in machining uf both

aluminum alloys <lndsun "k'Cls, the wcar caused by attrition is unacceptahle_
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Seah et a1. [106] also reported <!mtat the first stage 'Ofmachining (first 40 seconds

or so), to",l wear is faster in wet culling than in dr)' cutting. Later on, the wcar rate is

stabilized and is somewhat ilIe same f,'r both dry and wet cutting. Minimum volume of oil

technique may represent a compromlsc hdween the advantages and disadvantages of

completely dry cutting and culling will, abundanl soluble oil [107, lOll}. The application of

cutting Huid may not always reduce the culling toul wear as is c,lmmonly believed. Rather

some conditions like machining steels hy carhide hll,is, thc u~ of coolant may increase

tuol wear. It has hccn expcricneLxI that there was more "),ll wear when cutting with coolant

than culling dry in case of machining /lISI 1040 and AISI4J4() steels hy carbide culling

tool [101]'

Apart from thesc cost aspects, cutting fluids represents a serious problem to the

preservation of the environment and health. Ahoull\() percent of all occupational diseases

arc caused by skin contact with fluids [199,110]. Cutting fluids arc the important causes of

occupational contact demla!itis, which may involve "ilher irritant or allergic mcchanisms.

Water mixed tluids generally detcnninc irritant contact dcrrnatiti~ and ,.lIergic contact

dermatitis when th"y arc in (nu"h with v.rork"rs skin, These fluids often contain sulphur

(S), phosphorus (P), chlorine (Cl) or other extreme-pressure additives In improvc the

luhricating perfnmmnec. These "hemic,;l, present health luvards. FurthernlOfe, the cost of

treating the waste liquid is high and the treatment itsdf is a ~ource of air pollution. The

major problems that arise due to usc of cutting lluid~ are [111]:

At high cutting tclllperatll:'C the culling lluids hrcakdown into its harmful

constituents that cal.'se air pollution and create hr"athing prohlem~ to nearby

people.



n. Riological hal.ards to th,: operators from the hacterial b'l"owth in the cutting

fluids if il comes in physical contact to them

"'. Mechanical hat.ard of (h" machine parts d"" to contamination of the parts

with the n"id.

IV. Water pollution and soi~ contamination are caus"d if the spent cutting l1uids

mix with them during di.~posal

Like other manufacturing activities, machining also leads to t:TIvironmental

pollution mainly heeause oflhe u~ of "'IUing lluids 1112, I13J.

With the advenl of some modem maehiniog pnx;es' and harder maleria)~ and for

demand for precision machining, the c\lnlml of machining temperature by mOTeeffective

and e!lieient cooling has become exlrcmely e~sential. Some: reeent techniques have

enahled parti<ll eontrol of lhe: m;lehining temperature and eliminated polllllion by using

beal resistance: tuols like coated carhides. CHN clc un<.k>rdry condition. The thennal

deterioration Ill" the Clilting 1<",ls call be reduced hy using CIIN tools 11141. If properly

manulaclured, ~kck'd and u~d, CBN \(0) prllvide~ mueh less eulling force" temperature

and hence les, ten,ile residual ~tress"s 11151. Ilowever, CIlN tools are very expensive.

Recent studies have reportL'\l thid CBN lools can be I.l~,d 1,,[ machining high tcmpemlllTe

super alloys, cspeeially tilanil.lm alloy", at higher cutting .<pe"ds d"spile the high reactivity

of titanium-alloys with the tool malel;als in addition til their rdativcly high cost [1161.

Owing 10 lheir high hardnes, and hill!! melting point, CBN tools can wi\h,tand the heat

and pressure developed during culliull withoul compromising surface integrily Ilf the

machined componcnt because Ill"(heir ilhilit)' to maintain a sharp cutlinll edge for longer

periods 11171.



The conwct surface of turning inserts hy dcpo~:ition of a soil: bearing material was

modi Ii"""'hy EBM 111HI.Although the Tllodified inserts "lIered reduced cutting force, their

hcnelieial e!Ted on .surface linish was marginal. At highcr cutting vclncitics, the brought

on layers arc fa.,t depleted with cutting Jime and do not eontrihutc to wear resistance (lfthe

tool, especially at the flanks. 'Ihe machining of hardened steel is usually donc using dry

cutting, because the increase of the tem,"lCrature makes chip dcfonnation and shearing of

the hardcned matcrial easier. Nevertheless high temperatuTCs cause an inconvenience such

as work piece dilation, which aneds dimeosional and geometric accuracy and rUns the risk

of surface integrity damage. On the nther l.:md, the cumplc\e ub,cnce 01"lubncution haons

chip trallSportation and Callses ill( reuses of lool-chip and tool-wurk piece friction, which

genernte the increase of ahrasive wear and attritioo [165].

Thoors and Chandrasekaran 1119] observed that eo~ ,now e,mld I"unetion as a

good coolant under certain circumslallc(:s, which arc very much related 10 the tool-work

combination and the ac\ual mod" "I" I,"',ling thc conlant to thc cutting :mnc. Machining

temperature can be controlled by the W'e of Co;> snow as the coolant in machining 1120].

This is feasible ifeO, in liquid t'lon under pressurc (60 ba,,) is I..,dto the culling zone and

di ffusoo lhrough a capillary jet This re"ults in a change 0 I'slatc /lnd the fnonalion of C<);.

snow (endothcnnic ",aclion resulting in a telTIp"ratcre "I" -7')"C). But under intense

tempc,<lturc eOl produces hannfi,1 CO gas.

Cryogenic machining with li4uid !litrogen has improved maehinahility of steel to

a certain extent under noonal cull;ng conditions 1121[. Chilling the cutting tool hy liquid

nitrogen jets enhances t\lnl hardness and liF:, dimensi(lnal accuracy and improves surface

roughness. Cooling lhe chip makes il hrillie and aids eiJ.SYremoval. Because nitrogen is an
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abundant atmospheric constituent and the quantities used are small. So, there is neither

unfavomble environmental and heallh impact nor any coolant disposal cost and the chips

Clln be readily Tl,.-cycled 19~, 122, In). Their results indicate substantial benefit of

cryogenic cooling on cutting force, tool life, dimensional accuracy and surface roughness

due to mainly reduction of culting zom' temperature and favomble changes in the chip-tool

interaction.

Dhar and Kamru7 .••.aman [124] investigal~'<.1the role of cryogenic conling hy liquid

nitrogen jet on chip li.'mllltion, grind'ng mne lcmpcnlture and surface roughness in

b'Tinding allny steels. Their esperimentai rcsull, indieat,: signilicant redudinn in grinding

temperature on application of cryogen, which enablc.; favorable chip formalion. Though

cryogenic grinding provides relatively more surface roughness ror less plastic ddonnation

and rubbing, ~bearing and jraduring ",odes of chip fmmation and rclenlinn nf' the grit's

sharpness, it provides l'nvironmenl friendliness and Improves the grindability

char.u:lcristics.

Dbar and Kamru~.zaman [1251 ohserved suhstantial hcnefit or cryogenic cooling

on lo"l lile, sudiu:e linish and dimen:,ional deviation. This may be attributed to mainly

reduclion in cutting zone tempemture and favorahle ehange in Ihe chip-Innl interaction.

Further il waS evident Ihat machinin.; with soluhle oil cooling failed to provide any

significant improvement in to()l liIe, rat~.er surface finish detr.'liordted.

II has also been reported that 11K machining of st,~cfwith liquid nitrogen improves

the machinability index in respect of lowering cutting lorce as we]) as energy con~umption

due tn dl'CTcase in chip reducti"n codricieHt, increasing tool Iii.., by retaining sharpness of
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thc cutting tool for a long time prevetJ'ing formation of built up cdg", increase product

quality by dtx:n:asing surface roughness and thermal stress [98, 99, 126-127J but cryogenic

machining is costly due to high cost of liquid nitrogcn. Also accelerated n"tch wear on the

principall1ank orthe carbide insert wa.<'Joserved at nitrogcn rich atmosphere of cryogenic

machining.

Machado and Wallbank [129] c,onducted experiments on turning medium cm-hun

steel (AISI 1(40) using a venturi to mi.x compressed air with small quantities of liquid

lubricant, water or soluble oil with a mean flow ratc r,f 3 and 5 ml/min. The mixture WllS

directed onto the rake face of a carbide tool again~t the chip now Jirection. The

application of a mixture or air amI ,,,lubl,, oil wa~ able to reJuec the consumption of

cutting nuiJ, bul it promoted a mist in the environment with problem, "I' "dors, bacteria

and fungi growth of die overhead flooding system. Minimal quantity lubrication [130, 131]

is a recent technique introduced in madl:ning to obtain sate, cnvironmental and economic

benefits, reducing the usc of coolant lubricant fluids in metal cutting, Attanasio et al. r 132J

reportcJ Ihal whcn MQI, is applied t" the to,,1 rake, 10,,1life is generally no different from

dry eooditions, but MQL applied to th.: tool Ilaok cao incrca«e toni lile. Lubricating the

flank surlaee nf a lip by the MQL tcch"''lue •.•.,duces the tool wear and ;ncrea~es the tool

life. Traces of lubricant compounds have been fnund on the worn surfaccs only when

MQL ha>;lJt:t,n applied on the flank ~urfae". Tbough MQI. gives some advantages during

the turning operation, it presents ,;urnI.'limits due to the diflieulty of lubricant reaching the

cutting surface.

Dhar c1 al. 1133-136] suggested that the u~e of minimum quantity lubrication

leads to reduced chip rcduction coefliclent, 10wlT culling temperature and lower

32



dimensional deviation. Dhar et aI. [1M, 137] also suggested that MQI. reduced the cutting

temperature; such reduction ha~ been m,l'"!:e1Teclivefor those tool-work combinations and

cutting conditions, which provid,~d higher value of chip reduction coefficient, ~ for adverse

chip-tool interaction causing large friction and built-up edge formation at the chip-tool

interface. Favorahle change in the chip-tnol intcr.u:tion and retention of culling edge

sharpness due to reduction of culling ~one temperature seemed to be the main reason

behind reduction \11'cutting lilrces hy the MQL. Dimensional accuracy also suhstantially

improved mainly due tn signillcant r~duetion "r wcar and damage at the toul tip by the

application of MQI ..

Mao.:hiningof all"ys at high s['!.'Cdcondition, can tJe actJieved tJy a comtJination of

the appropriate tool material, machining technique and the ehoicc of a ,uitable cooling

tcctJnology \ I]H[. High pressure ass"tcd cooling is ()fle of the prderred technologies,

currently, under e;.;ploilation especially in the aerospace and power plant industries for

machining exotic materials. Thl" ereditJjtity of high-pressure coolant a."isl<:d machining

had been thoroughly investigat-:d OWr the YCllni 14, 139-1431. The "')'stem not only

provides adcquatc cooling at the tool-workpiece interface but also provides an effective

removal (flushing) of chips form the culling arca. Thc coolant jet under ~ueh tJigh pressure

is capable "r creating a hydraulic wedge between thc tool and workpiecc, penctrating the

interfacc deeply with a speed exccl"uing that nccesMry even for very high speed

machining. This phenomenon aloo changes the ehip lIow condition [144]. The penctmtion

"f the high-energy jet at the tool-chip interface reduces the temperatufC gradi!.."t and

minimi~es thc seizure eflcet, olTcrin1; an adcquatc lubrication at ttJc tool-chip interface

with a signiticant reduction in friction. Excellent chip breakability ha~ hccn reported when
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machining difficul!-to-cut materials with high-press'llc coolant supply [2, 145, and 146].

lbis is attributed to a coolant wedge, which forms between the chip and tool forcing the

chip to bend upwards giving it a desinlblc up curl required for segmentation. There is a

drastic reduction in the cutting li'rce~ required to remove mah...rial (i-om the work piece

with the application of high-pressure coulant jet.

1.2.4 Effectsof High-Pressure CIJ"lant

Nagpal and Sharma (147] propoS(~ that tool-chip interface temperature initially

decrea~e~ with an increase in jet prc~Sl'"e>up to critical pres~ure, aoove which it risc to a

relatively constant value fllr pre~surc~ in exce's of the critical pressure.

Ma:rurkiewicz el al. j4[ reporte<) that a coolant applied at the cutting zooc through

a high-pressure jt:t noule can reduce the conlact Icn~~thand coefficient of friction at chip-

tool interface and thus CIUlreduce cul1ing forces ami increase tool lifc to some extent. Tn

maehininll ductilc md!ll~ evcn with cnuing Iluid, the inel"C<lscin cutllllg velocity reduces

the ductility ol"lhc work material and ,"uses production of long continuous chips, which

raises the cutting temperature further 1148[. In gener.al, the allcmpls to apply prcsSUri7-Cd

cutting tluid can he ela~sitlcd into thrl-~:groups, such as:

'- Coolant/lubricant jet ill;ected into tool-chip interface Ihmugh an external

nozzle [41

ll. Jet delivered into the clcao"aocc bctwt'en tlank and machined surface, and

lli. Jet injected directly through the tool rake rice into tool-chip interface [2, 4].
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Kovacevic l'l al. [1441 ~'uggeskd Ihat Ihe application of high-pressure waler jel

through the tool rake face, frietio!l is rcdu<.:edal the lool-ehip inlerface due to formation of

a cushion laycr, which prevents intimate C(Hltact at the tool-chip interface, consequenlly

leading to bending and self-hreakage of chips. Whereas in the case of high-pressure waler

jet through an external nonIe, lool-ehip contact area is reduced due 10 the breakage ofthc

chip hy the impi"ging jet. The eohance effectiveness of the coolant/luhrieation by applying

the cutting fluid at high pressures in the form of a nW"rowjet, leads to a reductio" in the

qUWltity of the cutti"g lluid being u~ed. reducing the amounl of di~po~at which is a

primary concern of Environmental Prorection Authorities.

Cou(;ns d a1. 1149] conducted an experimental investigation on single point

boring aiming to study lhe role of culling fluid, tool and workpiecc malerial, tool geometry

and cutting condItions on machinahillty. The rc"uIL~ ;ndicall'<i that the culling fluid

conditions have no significant effect Oil surfaee texture, forces and built-up edge_ Since

boring is a high-~peed ofX:mtion and lulJrication is ineffective, no effect was seen on the

forces. Ilowever, the cutting l1uid wa~ l(lUnd 10 have a sig"ilicant "ITeel on surface

integrity.

Ezugwu "I a!. 11391 ohserved that coolant supply at high-pressLlrc tends to lift up

the chip after passing thr<mgh the del"mlation mn" resulting to a rl.--ductionin the tool-chip

contaetlengthlarea. Chip scgm~ntalion is considerably ~nhanced, as the chip curl radius is

reduced signilicantly, due to targetcd maximum coolant pressure/force On to th~ chip

which aids the chip shearing proccss ar.d eonscquenlly lowcring cutting for"es. Coolant is

one of the most inl1uemial factors all,'Cting tool ~,formance when machining niekel-

based alloys 1139, 1501. The IISC or 11high.prcssllfc coolant supply wbcn ma<.:hiningnickel-



based (Inconel 901) super alloy with ('{:mentcd carbide tools gives higher tool lives than

when machining with the conven1jomJ "'lOlant supply tI39]. The usc of a high-preS$ure

coolant supply results in a significant ,cduelinn in the tool~hip "ontaet lenglh, and hence

in the contact arc-", which in tum dcco:ases the compressive Slress al Ihe tool edge with

little change in tJie cutting torees. Thi, prevents the formation of notching, thus leading to

a higher tool1ife.

Proper seledion and application of eUiting fluid generally improves tool life. AI

low cutting spe~'d ulmost four limes longer tool life is obtained by proper cutting fluid

[151]. Ilowever, surface finish does not improve signifi~antJy. Wearing of cutting tools not

only causes loss ufthc cutting edges or lips of the inwrts but loss of the entire insert after

wear "r all the comers. It Was reported Ihat coolant injection "tler., hetter cutting

performance in terms of surlaee finish, tool force nd to"l wear when compared to flood

cooling [3]. The chip curl radius also depends On thc coolant pressure and thc flow rate.

Therefore at a given power, smalkr chip curl radius can be achieved at a lower coolanl

pressure with a high coolanl flow mte [145J. From an cnvironmenlal perspectivc,

thcrcl{lre, the significant waste is nol the portion of the tool ,""omaway by the tool"work

conlad, but the remaining portion of (he to,,1 that is disposed after its usd'"l life [152].

Cutting tools operate within a safct)" tempaatore mne with minimal tool wear when

machining at the critical coolant pre.;surc as thermal stresses arc kept to a mJrHmum,

thereby prolonging tool lite [I~JJ.

Ezugwu and Bonney [88[ reported that machining Inconel-7l8 with coated

carbide inserts under high-pressure cooliUlt supplie~ improve tool life by lip to 7 folds,

especially al high speed conditi{.ns. ronl life tends to improve with increasing coolant
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pressure. There is also evidence that oncl: a critical pressure has been reached any further

increase, in coolant pressure may only result to a marginal increase in tool life. Lower

cutting fonoes [142, 1431 are rI:cordcd with increasing coolant supply pressure when

machining Inl"mcl 711\ with SiC whisker reinl"rced alumina cerdfIlic tooL The reduction

in cutting forct:s observed is also p;:rrtlydue to the chip segmentation when machining with

high-pressure coolant supplies. lllgh •.:r forces [142. 143] arc recorded when machining

with conventional coolant flow where continuous type ehip~ arc generated.

Chip segmenl.lllion is another advantage of employing the high-pressure cooling

technique. Because the tool euntact time is shor,pr, the tool is less susceptible to

dissolution wear caused by chemical reaction with newly generated chips [154]. A more

recent study of the effect of high-pressure conlant flow in face mil1ing of Ti-base Ti-6Ai-

4V alloy with ecmcnlL'"dcarbide touls reported a 2.5 limes im;rcase in 1001 life than when

machining with conventional cOl,lant flow (1551. Studics have shown thal it is possible to

illCrl:asc cutting sIJCL'<lhy nvcr h7 and 150% wh,'n machining titanium all"ys with carbides

under high co"lant pressures of tS and 30 MI'a, rcsl"'ctively, compared to conventional

roolant supply \1 t 7].

1.2.5 Summary of the Review

The literature review on h~nl turning and machinability of hardened steels

highlights the vasl potential of the eoutrol of machining temperature and its detrimental

etTects. 11 i~ obvious that the machining tcmperat"re hold~ a vital influence on chip

fonnation, cutting fofCl;l~,tool wear ,Ind surface quality. All these re~pon~e~ are very

important in dC'eiding the overall pcrl<mnancc "f the tool and the co"ling system applied.
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At an elevated h:mperature the cutting tools may undergo plastic deformation and attain

rapid tool wear tJceause of adhesive, allrasive, chemical and dif1'usion wear at the Hanks

lwd the crater. The dimensional a~cur;tcy and surf""e integrity of the work pi~cc also

deteriorate due tu high temperature. I h,~convcntional cutting lluids are not that ef1i:ctive

in high speed machining particularly in continuous culting of materials like hardened

steels. furthermore, the conventional cutting fluids are not environment friendly. The

disposal of the culling fluids often leads tu local water pollution and soil contamination.

Recycling and reuse of conventional euning fluids are further problematic.

From allthesc investigations, it is evident tr,at applying cutting fluid in the form

of a jet at higher pressure intn the cutli!1g zone is more tJcnefieial than conventional

cooling techniques. A high-pressll{e l1uid jet brought as a c(Kllantlluhricantthrough a hole

in the rake face of tool TL'dueeswcor.dary shear, lowers interface temperatures, and

changes chip shape. In practice, at low pressure the cutting fluid is not capable of

penetrating deep enough into the tool-chip interface to dissipate heat as quickly as possible

from the appropriate regions in the Clllling mne. Further, all these investigations are

limited to stationary single edge eutlin,', tool operation~_ However there is a great crdVe for

impTllving machining pcrlhnnance hy pcrking up cooling methods in the case of turning,

drilling and milling especially while m,'chining dillicult 10machine materials.

IIPe jet cooling is a promlsmg technology in high speed machining, which

economically addresses the current processes, environm,ntal and health concerns. In this

Illlique process culling oil is impinged th.rough a nO/.zlc precisely at the Oatmw cutting

zone. The success of implementing this technology aeros~ the metal remo~al industries is

thL"T"Cforedepcnd~ Iltl increascd r.:seareh activities providing credible data for in depth

38



understanding of high-pressure (:oolant supplies at Ihe chip-tool interface and integrity of

machined components.

The ~owing dcmunds Ihr high MRR, precision und elTeetive machining of exotic

materials is restmined mainly hy th" high cutting temperature. It is revcaled ti-om {hc

abovementioned literature survey tl>at the cutting temperature, which is the cause of

several problems restraining productivity, quality and hence machining economy, can be

substantially controlled by high-prcssl're coolant jet. Thorough investigation is essential to

explore the potenlial hcnclils of high-pressure cool"nt jel machining in such ca~es. But

enough work hl~~nul hccn done syslemlllieally yet in thi~ direction.

1.3 Objectivesofthe PresentInvestigation

The present work sl'.ldics some aspects on the turning process applied on

hardened steel using multilayer coated carhide inserts at high cutting speeds under high

pressure coolant condition. The influencc of cutting parameters (cutting velocity, feed rate,

and depth of cut) on chip-toul interface temperature, tool wear, cutting forces and surface

roughness will be analyzed. The current literature review 1"L1JOr1smany studies using

I'CHN tnols on hardened slce1s but il is also important to know the result.~ when using

coaled carhide Cools, mainly for l"C"n"mie reasons. The objectives of the present

iovesligntion. keeping in view the "..-emil improvement in productivity and quality in

machining hardened stee! using multilayer coated carbide inserts under high pressure

coolant condition arc
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Systematic cxperimental stud> on thc cffects of high pressure coolant on the

machinability ch,uaeteristics of hardered steel using multilaycr coated carbide insert at

high culting spceds in terms "r:

I. chip morphology i.e. cbip shape, chip color, chip reduction coefficient and

mode of chip formation.

11. average chip-tool interface tcmperature and work-tool temperature

111. cutting forces i.e. main cutting force and l-".,d fi'fCe

IV. tool wear (average principal flank ",car, maximum principal flank wear,

nolch wear. average auxiliary flank wear and maximum auxiliary flank

wear).

v. surface integrity along wilh surface finish and

VI. pro<lud quality (dimensional deviation)

111e (lutcome of the thesis work improves machinability of hardened ~Ied using

coated carbide inscrts by redudng culling "'.one temperature and culling forces enabling

favorable chip fonnalion and chip-tooi intcradion, It also pruvides reduction in tool wear,

which will cnhance the tool life, dimcpsiunal accuracy and surface finish.

1.4 Scopeof theThesis

Onc of the possible and emerging technologies 10 overeomc the aforementioned

problems a~sociated with conventional <'ooling system on the on the machining industries

is the application of high-pressure coolant (1IPe). For any machining operatinn, thc tool

life achieved, malerial rcmov,ll rale (MKK), r;ompunent~ of f"rce~ and power
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consumption, quality of the surface generated and sUrface integrity of the machined

component as well as the shape of the chips can all be used to measure machinahility.

Considering all these, the prescnt r"search work has been carried out to cxplore the role of

high-pressure coolant (HPC) on major machinahility ehamelenslie, in lliming hardened

medium earoon steel by coated earbid" inscrt, under difTerent machining conditions.

Chapter I otTers the current stallL~ofhard turning using expensive ceramic tools

and aims the possibmtie~ of using the relatively cheap coated earhide tools assisted by

high pressure conlanl jet. This chapter discusses the prohlcms of hard turning using PCD,

CFlN and penN tnols. The coni rolling of cutting temperature has ocen given the utmost

priority here. Th" methods adopled hy the researchers for C()nlroiling the tool-chip

interface t<.."mpl.-"Taturearc conferred in Chapler I. 11als" prescnls Ihe general necessities

associated with machining industries, fWlelioo of culling (ouls, techno-environmental and

sociu-eeonumica! problems rclale<1with the high cutting tempemtuTe 'lIId (he pruelice of

eonvenlionall'o"ling mclh"ds and Ihe expeeled role ofhigh-pn:"llre co"lal'l. Investigalion

and lindings or pn;vi,,,,, works and ohj"divc oflbe presenl work arc al,,, prc';Gnted in this

chapler.

Chapter 2 deals with the heat tn«lIment mechanism or medium carooll steel. It

hegins wilh the hurdles deah with ,,'garding lhe selection, sizing, shuping of the work

material and ends with lhe detailed description of cnrrcct heat [reatmenl process to obtain

1l,e re<juire<1hardness,

Chapter 3 prescnts the ut:scription of high"pressure coolant system for the

prescnt work to enable proper cooling of the cult;ng 'lone. Calibration ,,1' lool.work
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thennocouple comprising of job mateT!tJ ana coated i'.lsert is also presented in the chapter.

Chapter 3 also offers a glimpse of tile procedure and conditions of the machining

experiments carried out and the experimental resulls on the effects of HI'C in comparison

with dry machining on chip morphology, average chip.tool interface temperature, cutting

foreL'S, tool wear, surface roughness and dimensional devialiun in !uming h,udened

medium carbon stccllllldcr diffcrcnl cutting conditions.

Chapter 4 contains the detailed discussion on the exp.,rimental results and

possihle inlerprebliuns on the results "ht",:ned. Finally, a summary of major contributions

and future w<lrk is given in chapin') ,mo references are provided at the end.
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. Chapter-2
Material Preparation

2,1 Introduction

According to the dctinition~ of hard turning, it is obligatory to U~ material with

hardness over SO I-IRe jbr the research. Due to monetary conslraints, it was nnt "tTuNable

to buy material with such hardness from the store rather I had to develop the material

myself. Numerous aUempts were made with several Iypes of materials and heal treatment

procedures 10 achieve the Iarget. The materials were first ehtx:ked under Optical Emission

Spectrometer 10 find the carbon content. Then they were qw:nched and tempered and

tested in the hardness testing machine. AfiL'T so many iterations the medium carbon steel

served the purpose.

But there was a problem with the distribution of hardness within the material. The

'oj core of the material didn't become as hard as the surface. "Illis wa~ due 10 the uneven

quenching of the materiaL The outer surface dissipates hcat more rapidly than the core

which results in a gradual doxrcasc of the hanincss lowanls the core. To eliminatc this

problem, hollow cylindrical shaped ma~crial was used for the heat treatment. It facilitated

the cooliog from both outer and inner surtace or the material and thc hardnes~ distribution

after the heat treatment bocame uniform.



2.2 Preparing the Maierial •

'[ he material used in the thesis was medium carbon steel (85-90 HRB) with

approximately 0.445% carbon content. It was a long hollow cylinder which had been

sliced in small pieces with the help of band sa~' to fit into the electric furnace. lbe length

of the pieces was 260 mm wilh external and internal diameter.,; of 100 mm and 30 rum

re~pedivcJy. .,

To make provision for pulling the red hot metal pieces from furnace, hook had to

be facilitated. A 120 mm long solid shaft of medium carbon sleel with external diamete-i'
,

~ame as the internal diameter ofh.ollow pieces had been inscnL'<i into the hollow piece. The

joint was sccured by welding. Using drilling and boring tools a through bole of diameter

25.4 mm W<ISmade in 1he solid part. This was done so that hot wak-r vapor can easily

come out when it would be ql.lenched in hrine solution. Another through hole of diameter

12 mm was made in the solid part in radial di-eetion. A triangular hook of mild steel was

atlaChed tn the work piece through the rddial h"le So that the work-picce can be pulled out

from the rumace with the help or a tong as shnll'n in l'ig.2.1. A test sample made from the

same malerial (25mm><15mm><lOmm) was als;;>,JTeparcd for the hardness test.

"

.'

.f
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Fig. 2.1 Work material specimen for hardening

2.3 TheHeatTreatmentProcess

Electric furnace of high heating element (RG-3000C, 240 V, 32 amps) was used

for heat treatment. Before loading the work piece and the lesl sample. the furnace had to he

made oxygen free 10 avoid oxidation because a scale is fonned on the surface of the work

malerial during hardeoing. In this "ireumslanee. two ceramic pipes of int~'frml diameters 01'-

3 mm and 4.5 mm w~'fCconnected with Ihe funnce inlet and outlet respectively. The other-

end of the ceramic pipe wilh 3 mm internal diameter was connected to an argon gas

cylinder with the help of a hose pipe. The door of the electric furnace was sealed and

isolated from the atmosphere by an asbestos sheet. Argon gas was then passed (7 liters/min

and 130 bars) Ihrough the rumace chamber to drive oUI air to make an inert environment in

the furnace chamber. After 2 minutes. lum on the furnaee with 5 amperes current rating

with 5.5 liters/min of argon gas supply at a pressure of 130 bars_ It took three hours to

raise the temperature to 900°C and soaked the work material at that temperature for one

and half hour in the healing ehamher.
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2.1 Quenching of the Material

A quench tank having eapadty 140 liters wa, used for quenching the work

materia!. The quench tank 8houldbe large enough to hold the part being treated and should

have adequate circulation and temperarnre controL The temperature of the brin~ solution

should not exceed 40°c. The brine solution was prepared by mixing 10 kg of ice and

sodiwn cWoride with 120 liters of water. Thi, mixture reduee~ the absorption of

atmospheric gases that, in tum rcduee~ (he amount of bubbles.'As a result, brine wets the

metal surface and cools it more rapidly than water, In addition to rapid und uniform

cooling, the brine removes a lurge p~rcemageof any scale thut may be present.

lbe work piece as well as lest sumple was pulled quickly but carefully out from

the furnace using a tong and wus immersed vertically into the brine solution. The solution

is stirred vigorously for about 10 minute, for uniform cooling and was continued until the

specimen is cool enough. Heut transfer i, not so fast tluough the steam layer. On the other

hund the very act vf transfonning the waler into sl~am means the water has to take in

enonnollS amounts of en~rgy to tramform the wuter from liquid staie to gaseous state

(steum).Moving the part und re-eireulating:the water aid, in getting the best quench, The

test sample was also quenched in th~ ~amesolution following sume manner.
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2.5 The Tempering Process

Qucncht:d carbon stecl~',always requ;rod tn temper because of steels are onen

more hanl~r than needed and t'JO brittle for most practical uses. Also, several internal

stresses 1ik~ residual stresses are set up duritg the rapid cooling from the hardening

t~rnperature. As a resull, 10 relieve the internal slresses and reduce brittleness, tempering

was done. 11was done hy heating the workpiece as well as lest sarnpk 10 u specific

temperature (160 0c), holding it at thaI temperature for one hour, and then cooling it,

usually instill air. The resultant strength, hardness, and ductility depend on the tempenlture

to which the specimen is heated during the tempering process. The purpose of tempering

wa.~ also to produce dclinite physical properties within Ihe specimen.The sample was

cleancd and ground a nat surface of 0.015 inches deep along the face of the sample.

Hardness of the sample was measured on the C scale of Rock-well hardness tester. The

hardness of the sample before heat trealmen, was 163 HRB and after heat treatment it

became around 56 HRC. The hardness distribution within the sample' is sho\Vllbelow.

I,' ~w=~C=,,="=,=,,~~=.=,=~=,=",="=,"l------
It",,, T "'~"""" Rn"" '-"""'-"'"
""""'" '" ",",,"";0 A, on hn'",,"",""

Fig. 2.2

~g 55
~
5
"'" 50

~'5+-~~~~~,~~~~~
30 40 50 (,0 70 80 90 100

Distancc from the center, mrn
Hardncss distrihution eurve of sample
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Chapter-3
Experimental Investigations

3.1 High~Pressu.-eCoolant System

The high cutting temperature generated during machining not only reduces tool

life but also impairs the product quality_ The temperature becomes more intensive when

culting velocity illld li.-cd an: increu.,e<J Ii,r higher MI{R and the work mnlcrials are

relatively difficult to machine lor their high strength, hanlenability and lesser thermal

conductivity. Cutting fluids arc widely USl:d to reduce the cutting temperature. But the

major problems as~ociated with t:1C usc of conventional methods and type of cutting fluids,

which are mostly "il based, arc:

I. ineffectiveness in desired c(loling and lubrication

111.

bealth hazards due to generation of obnoxious gases and bacterial growth

inconvenience due to uncleanlineolS nfthe working zone

,
;

IV. corrosion and contamination ofth,~ lubricating systcm of the machine tools

v. need of storagc, additional floor spacc, pumping system. recycling lind

disposal

Vl. environmcntal pollution lind conlamination of soil and wllter



•

In this r~gard, it has already been ct>scrvetilnrough previous research that proper

application of high-pressure coolant may play vital role in providing nol only environment

friendliness but al~o some techno-cconomical benefit~.

For achieving ~uootantial t~chnological and economical bcnelits in udditi'Hl to

environment Incndliness, the high-pressure coolant system needs to be properly designed

considering the following important factors:

L effective cooling by enabling high-pressure coolant jct reaches as close to

the actual hot zones as possible

I\. avoidance of bulk cooling of lflc Innl and lhe ion, which may cause

unfavorahlc metallurgical changC!;

lll. minimum conswnption of coolant by pin-pointed impingement and only

during chip formalicn

IV, control of pressure and flow rate of coolant according to need

Thc cutting fluid need, to be drawn at high pressure from the coolant tank and

impinged al high speed through thc nozzle. Considering the conditions required for the

present researeh work and Wlintcrrupled ~upply 'J!" 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 photographic view of the coolant tank along with motor-pwnp asscmnly. noweontrol

valve, relief valve and directional control valve is shown in Fig.3.1.

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

high driving pressure during the high withdrawal periods. This is accomplished by
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controlling rdid valve Ihrough now control valve that ereales a high pressure. When the

tlow control valw b open, coolanl. taken from the tank al normal pressure is pres~uri/ed at

a rCljuirel!pressure hy coni rolling rd iet"valve. /\ reiief valve installed in Ihe di'«,;h;nge Iinc

wilh a retum line hack 10 Ihe '1'pply lan~ is I,>provide eomplele pwl<'dioil ng;,jll~1an

unexpected over pressure ~ituation. 'I he now control valve 1~pressure and lemperalure

compenS<lting type valve anl! maintait1~ a CO\lwmt now rate independenl "f change in

system pressure (load) anl! temperature (visensity "f Ihe nuid). 'l1,e valve wilh an inlegral

check valve allows a controllcd now 'Illd revcrse.; liTe 11"",.The high.pre,,"re c""lal1l is

,mpinged through a no.u.!e at the chip-tool inlnl:,ce. A direction e"nlml v"lve is IIsc'dI"

conlrol the l10wd,rection "rthe jel during machining.

Fig. 3.1 Pholographie vic", of high-pressure C\lol,mtsystel!l 11;:;7)

The purpose of a "o/ ..de is 10direel eulliLlgl1\1id10Ihe optimal I""il i"n l(l adueVl'

maximum tlllld 110'1'al Ihe ehip-II",I illter!"cL:,The no~.z1cal,<>Il,Ums the p\lrpo~e of
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increasing the l1uid velocity by c,:>ntracting the Cf()s,~-seclional area of the jet stream. A

well designed turbulent flow nozzle converts more uf the pressure energy in th", nuw into

kinetic energy than does a laminar now nozzle. A laminar !low n07..zle however has the

hendit that thc icl stream maintains its coherency I,,, " longer period meaning lhal

turhulent !low mll.7.1esmust he posilioned as close to the chip-tool eontacl as possible.

The n07J.le has been designed and lahricated so that the nozzle spray pauem.

covering area and coolant flow rate can he controlled. The nuule developed and used and

ib setting along the 1001holder are sehemalicall:' shown in Fig.J.2. The mmde lip ofO.SO

mm bore diameter was fixed 10 tile 1001post and is connL'Ctcd with direction control valve

through hydral1lic pipe to supply coolant in the form of jcl to Ihc eolting wne. A now

control valve is used to control the now of coollnt as required. The jet should impinge at

the cutting wne in liquid state only. The expected result of this arrangement is em~ctive

cooling with economical L~olant dispensing. It is important to properly position euolant

delivery nO:f..dcto achieve the 1"lIowing:

,. gelling the Iluid tllihe loollworkpic<;e inlerlaec

11. minimi(.ing mist and odor problems

1lI. controlling therma; shuck. The tool will be alternately heated and cooled, if

the fluid stream does not continu.aily reach the t"ol

IV, keeping the workpiece constantly -'n tile Iluid's !low and

v. moving Ihe chip,;! swarf oul "f tile culling ~A>ne.["his is one of the m{)st

important fl1netions of the fluitl, "TId may rcquire positioning une or more

!luid Jines just to move chips {lui of the cutting zone

51



NOZlJc is placed 15.0 mm away limn the tool tip III minimize the inlerference of

the nozzle with the flowing chips and In reael, quile cl",;c to the chip-Iool contact zone

without avoiding of bulk cooling of the tool and the job, which may cause onfavuntble

metallurgical changes.

J,b

!

o "
._ Tool Post

5 mm

Fi~. 3.2 Schematic view "rthe nozzle used 1,)) coolant delivcry at the culling zone l158J

3.2 Experimental Procedure and Conditions

The concept ofhigh-prcssure coolant pn.:~nls itself as a possihle solution lor high

specd machining in achieving slow tool wear while maintaining culling lorccsipower at

reasonable levels, providcd that the high-pressur: cooling parameters can he stralegically

tuned. It has the ocnelils of a powerfol strcam that elm reach thc culling nrea. il pmvidcs

strong chip removal, and in some cases enoogh pressure 10 dehuTT.lligh-pressurc coolant



injection IcchnilJue not only provided reduction in cutting lhrees and Il'mptTJ.ture hul also

reduced the consumption of cutti'lg Iluid. The aim of the present work is primarily to

explore amJ evaluate the role or high-pressure coolant on machinahility characteristics of

hardened medium carbon steel mainly in tenns of cutting tempcmture and chip-t.mm.

which govern productivity, product quality and overJ.ll economy.

The machining was carried out on lathe, which has a 7.5 kW main spindle pown

and a maximum spindle ~pceJof 700 rpm. The fJhotographic view "fthe experimental set-

up is shown in Fig.].]. Inc work material was medium carbon steel. hardell~-d to nominal

values of 56 HRe. Initially. a solid har stock VMShardened to 56 liRe; but it was f,mnd

that the hardne~s d~creased gradually towards the e~nter of the stock. Thus it was de~ided

to machine a hardened hollow stock, which allowed a heal treatment that provides

consistent hardness of 56"=2 liRe.

Fi~ 3.3 Photographic view c I' experimental set-up



Thc positioning of thc no~.zle lip with respect 10 thc clllling insert has hecn sct

after a number ortrials. The Jinal arrangement made and used has been shown in Fig.3.4.

The high pressure ooolanljel is directed along tltc auxiliary culling L'Xlgeat an angle 30" 10

reac;h al the principal flank and partially under the l10wing chips through the in-huil!

groove parallel to tlt",cutting edges.

)<'ig.3.4 Photographic view of high-pressure coolant delivery nozzle

The culling lonl used was uncoaled carbide insen (ISO spccilicali"n: SNMG

120408 and SNMM 120408, Widia). The 1",,1 h"ldcr provided negalive (,0 sille and hack

rake angles and (,0 side cul1ing-cdge and end cutting-edge angles. The nmges of the culting

velocity (V) and feed mle (I") were selectell based on the tool manul"ac;!urer's

rccommenllation and industrial pr<1ctiees. Keeping in view Jess significanl role of depth of

cut (ll) on cutting temperature, saving of work malerial and avoidance 01"d"minating ellcct

01 nose mdius on culling temperalure. Ihe llcpth "f cuI W;lS kcpl lixell 10 "nly \.0 mm.

which would adequately serve tlte present purpose. The conditions under which the

machining tests have hccn CdTriedout are briefly given in Taole-3.1.
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Table 3.1 Experimental conditions

Machine tool
(Irk materials

Hardness (HRC)
Si/e

utting tool

Coating
Geometry

001holder
roeess parameters

Cutting velocity, V
Feed rate, f
Depth of cut, d

igh pressure coolant
Coolant type

nvironment

Lathe Machine(China), 7.5 kW
Hard~ncd medium carbon steel
56
Exlernal dia,=1 00, internal dia,=30mm and Iength=260 mm

SNMG TN 4000, Widia SNMM TN 2000, Widia
TiCN- WC, Co
~6Q._60,6° ,6°,15°,75°,0,8 mm
PSBNR 2525 M12 (ISO specification), Widia

83, 119, 166 and 237 m/min
0.12,0.14 and 0.16 mm/rev
1.0 mm
70 bar, Coolant: 6.0 1/min through external nozzle
VG-68 (ISO grade)
D . and Hi h ressure coolant (HPC) condition

For the improvement of cutting pcrformancc, the knowledge oftcmperaturc at the

chip-tool interface with good accuracy is es:;entiaL Several experimental and analytical

techniques have been developed for the measurement of temperatures generated in culling

7.one. The average chip-tool interfaec cutting tcmperahue was measurcd \lllder both dry

and high-pressure coolant conditions undertaken by simple but reliable tool-work

thermoco"ple technique with proper calibration, Fig.3.5 sho\~s the calibration curve

obtained for the tool-work pair with carbide as the tool material and the hardened medium

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

relationships betwcen the temperature and cmf h"ve been obtained with correlation

eoefticients of 0.994.
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Fig. 3.5 Tool-work thermocouple <,;ulibraliuncurve

"Inc form, colour and thi"kne~s of the dlips directly and indiredly indicalo: the

nalure of chip-tool interaction influenced by the machining environment. The chip !<3111.ples

were collected during both short run and long r.m machining lor all the V-f combinations

under both dry and high-pressure coolant condition~i. The fonn and colour of all those

chips were noted down. The thicknesses of the chips were repeatedly measured by a slide

<,;allip<'T10determine the value of chip Ihicknesl; ratio, '0 (ratio of chip thickness heloTc and

after cut) which is an important index of mac!linability. The avcr<lgc cutting tempemlurc

was measure<.!under all the machining conditions undertaken by simple but reliable tool-work

thermocouple technique with pwpeT calihration.

The culling force components, Fe (main cuiling f••ree) and Fr (foed force) were

monitored by a sensitive but robust 3-D uynall,omclCr (KISTLER) and stored in a PC

through a data acquisition system_



The life "f the tools, which ultimatdy fail by systematic gradual wear. is

generally assessed at least for R&D work, by the average value of the principal flank wear

(VB), which aggravates cutting forces and temperature and may induce vibration witb the

progress "f machining. 'lhe pattern and extent of wear (VS) of the auxiliary !lank atTeets

surface finish and dimensiollill accur.;lCynf the machined parts. Growth of tool wear is

sireably inlluenced hy the temperature and nalure of interactions of the tool-work

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

During machining under each condition, the cutting insert was withdrn\\oTIat

regular intervals and then the salient features like, VB, VS etc. wcre measured under a

"plical microscope (Carl /.ciss, liermany) lilted with a precision micrometer. At the end uf

machining and altaining suilicient wear the pattern and extent of wear of each 1001was

examined under Scanning Electron Miero~opc (Philips XL 30, Japan) and the

photographs are taken for onwdl'dcomparative study.

Aftcr machining the differcnt steel wds hy thc dilfcrcnt inscrts, at di1TcrenlV-f

combinations under both dry and high-pressure c(K,lanlconditions, the surface finish and

dimensional deviation on diameter in axial direction of the machined jobs were measured

respectively by a Talysurf (Surtronic 3+, Rank Taylor Hobson Limited) and by a digital

dial b'llUgewhich was I1.nnlyI1.ttedon the saddle and tnlVelled slowly pw-dllel to the job
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3.3 I<:xpcrimcnial Results

3.3.1 Machining Chips

The ehip samples collected while tuming the hardened medium carbon stccl by

the insert or configuration SNMG and SNMM at ditfcrent V-I' combinations under both

dry and high-pressure coolant conditions have bcLllvisually examined and categorized us

per ISO standard 3685 l66] with respect to their shape and color. The results of such

categorization of the chips produced at different V-I' combinations and cnvirornncnts have

been shuwn in Table 3.2.

;



Table 3.2 Shape and color of chips pr(lduced during machining
~~~

" Insert
• :s SNMG 120408 SNMM 120408•~e~~ D IIPC D "PC
l' '- shape eolor shape eolor shape eolor shllpe eolor

113 ~narled bloish short met"llic snarled blue ~hort metallic
ribbon washer ribbon washer

119 ~narled bluish loose met(,lIie snarled hlue short metallic
tubular "" rihbon washer

0.12 166 snarled blue loose metallic snarled blue loose metallic
tubular "" ribbon arc

237 snarled blue loose metallic short blue l(loSC mdalJie
ribb<Jn "" wa,her MC

113 snarh:d short mciallic snarled blue shurt metallic
tubular

hlui,h wa,her ribbon washer
119 snarled blui.h loose metallic snarled blue loose metallic

ribb<Jn Me ribbon =0.t6 166 snarled blue 1,,0>10 metallic short blue loose bluish
rLob"n arc w",iler ,~

237 long blue loooo bluish short blue luose bluish
washer '" wa,her =

" ~narled illuLSh loo,e metallic snarled hlue loose metallic
ribhon are ribbon =119 snarled blue loose metallic snarled blue loose metallic
tubular ." ribbon MC

0.18 166 snarled blue louse bl"ish short blue loose bluish
ribb<Jn "" "asher arc

237 long blue 100"" bluish loose ar' blue loose blue
washer arc =--

j
i

The variation in value of chip thickness ratiu (re) with change in \(xl!'

contigundion, eulting speeds and feeds as well as machining envirorunent evaluated foJ,,
hardened medium carbon steel have been plotted and shown in Fig.3.7 and

respecti vel y.
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3.3.2 Cutting Temperature

High production machining associated with hi~ vc1ucily and feed rate inherently

generales hi~ heat as well as high culling zone temperature. The culling temperature if

nol controlled properly, cutting tools undergo severe flank wear and notch wear, lose

~harpness of the culling edge by either wearing or become blunt by welded built-up edge

and weaken the produd quality. In normal cutting condition all such heat s<.lurcesproduce

maximum tcmpentlure at the chip-tool interfa~e. which substantially influence the chip

formation mode; culling fOfCL'S, tool life and product quality. Hi~ produdion machining

needs to increase the process parameters further iin meeting up the growing demand and cost

competitiveness. Cutting tempcratlife is increased \\lith the increase in process parameter as

well as \\lith the increase in hardness and strength of the work materiaL Therefore, attempts

are made to reduce this detrimental cutting temptr..rture.

In the Prescnt work, the average cutting temperature was measured under all the

machining conditioIDi undertaken by simple but reliable tool-work thermocouple technique

with proper calibration. The evaluated role of bigh-pressurc coolant on average chip-tool

interface ternperarnre in turning hardened medium carbon stccl by two types of inserts at

different Y-f combinations in compare to dry condition have been shown in Fig.3.9 and

Fig.3.10 respectively.
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3.3.3 Cutting Forces

CUlting force~ arc generally resolved into ,",omponcnts in mutual perpendicular

directions for convenience of measurement, analysis, estimation of power consumption

and for design of Machine-Fixture-Tool-Work ~ystems. In turning by single point tools

like inscrL~, the ~ingle cutting foree generated is resolved into thrct: component~ namely;

tangential force m main cutting l{l[CC,Fe, axial f(lfCCor Iced lurce, F, and transvcrsc luree,

F, as has bcen indicated in Fig.3.ll. Each of those intt'TTciated forces ha.~ got specific

significance.

F,

Fig. 3. t0 Component 01"cuuii1g l{lI'CCSacting nn the tool

In the prescnt work, the magnitude" of Fe and F, have been monitored by

dynamometer for all the combinations of toni configurations. cutting velocities. leeds and

environrnent~ W1dcrtaken. The effect of higb-pre~~urc coolant on Fe that have been

observed while turning hardened medium carbon steel by the carbide inserts (SNMG and

SNMM) under different V and fhave been graphically shown in Fig.3.!! and Fig.3.12.

The effects of bigh-pressure coolant jet on tbe axial !(lrcc or lced force. F, l"L'Cordcdunder

different machining conditions have bLOCOshown in Fig-3.13 and Fig.3.!4.
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3.3.4 Cutting Tool Wear and Conditio!"

The eulting tools in convenliunal machining. particularly in conlinuuu~ chip

furmalion processes like lurning, generally fails by gradual wear by abrasion, adhesion,

diffusion, chemical erosion. galvanic action etc. depending upon the tool-work malerials

and machining condition. Tool w<;arinitially slarts with a relatively fasler rate due to what

i~called break-in wear caused hy attrition and microchipping at the ~harp cutting edges.

Cutting tools may also unen lail prenmturely. randomly and catastmphieally by

mechanical breakage and plastic deformation ,,,,der advcrse machinillg conditiolls call~ed

by inten~ivc prcssure and temperature and/or dynamic loading at the tool tips particularly

if the tool matenal lacks stren~.'1h,hot-hardncs~ and fracture toughness. However, in the

present invcstigations with the tool~ and work material and the machining conditions

undertaken, the tool failure mode h"" been moslly gradual wear.

The geomctrical pattern of tool wear that is generally observed in turning by

carhide inserts is schematically ~l",wn in l'ig.3.15. The majur fcature~ that characterize

flank wear and crater wear arc also indicated in that ligure.

Thc growth of flank wear, VBwith progress of machining recorded while turning

hardcncd medium carboll ~teel hj the SNMG and SNMM type inserts under dry and high-

pressure coolant conditions have been shown iT:Fig.3.16. The auxiliary tlank wcar which

affects dimensional accuracy and surface limsh have aloo becn recorded at regull1T

intervals of machining under all the conditions lUldertakcn. The g,rowth of average
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auxiliary flank wear, Vs with time "I' machining of hardened medium carhoo steel under

dry and high-pressure coolant conditions h;,ve l,cen sho\Vll in Fig.3. 17.

v,
L

1111111; ,

notch
Vr

sectIOn A-A auxiliary flank

grooVIng
wear

\)

.Y''''--'''- ~ •.:c" -A-'(
: crater \ •.

'II wear .
•••,
:'

l
principal flank rake surface

Fig.3.tS Schematic view of gmcral pattern "fwear [98J
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Fig. 3.17 Growth of av~nlge auxiliary flank wear (V,,) with time recorded during turning

hardened medium carbon steel by (a) SNMG and (b) SNMM in~rt under dry
and HPC conditions.

Th~ p"nem and extelll ':If wear that developed al the <lifl<:TCIlIsurfaces of the 1001

tips after being u~d for machining the different slL-elsover reasonably long period have

been observed under Scanning Electron MicIU'COpe (SEM) to see I:he actual effects of

73



different environments on we~' or Ihe earhiu': m»erts "I' prcsent tWIlc(}niigmations. I'he

SEM views of the worn oul SNM(; inserts all'! SNMM inserts aller ~bout !'1 minutes ~lld

16.5 minutes of machining undt., dry ;H\d hi~,h-prcssure eooklnt conditi"ns IUlVeIwen

a) Dry~.!~,~chining..,~---,

(h) 111'<: n"chining
Fj~3.18 Scanning electronic micrograph (SEtv1) of prineip;d nan\.. of wom <lut tip o!

SNMG insert aller machining under (a) ciryalld (h) IlI'e conditions.
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a) Dry IlHlLhinill'

,
•

".,

(h) III'C Illad,illLng
Fi~. ].19 Scanning ckdronic mio;rngr"rh (SI.'M) "I' auxiliary !lank "I' wnrn "nl IiI' "I

:-'NM(; insert "n.cr n1ac~linjnglll"kr (,IJd,y _",d (h) 111'(' <:"ndil"H1~,



al Dr" nl<l~hi"in~

(h) III'C machining
Fj~.3.20 '>"anningd~~lr"lIi" llIi.;rograph(::I':M) "r prill~ipal jbnk or WU", olll lip "I

<;)\MM in,,~rtal1~rn",d,illing "",ler {al dry and(n) Ifl'(' condili"rb,



(h) !fPC ll1,,~hll1ing
Fi~. 3.21 Scanning electronic micrograrh (Sl~M) of ;JUxili;II]' 1l,11lk"I' worn ""I lip 01

SNMM insert ahcr machining under (a) dry and (h) III'C wndilions.

3.3.5 j'rudllct Quality

-Ihe IX'rl<lfIn:lncc:lnd scrvicc hie "I any n",chin~d p<ITl"re g<>VCnllc!largely by

lju:llity 01 thal p",ducL which li,r a given Ilwlerial is gcncrnlly ns_'essed by dimcllsiolUll
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and form accuracy and ~urf8(:e integrity of ll,e produd in re~peet of ~urface roughness,

oxidation, corro~ion, residual stre~ses and surface and subsurface microcracks. In the

present work, only surface Tilughness and dimensional deviation un diameter have been

investigated to evaluate the relative role "r high-pressure coolant on those two major

a-;peets.

Surface roughness is an important index "I" machinability which is ~ubstantialry

inlluenced by the machining environment ti,r given tool-work pair and speed-feed

conditions. Surlacc roughness hdS been measured at two stages; fiQ;t, aller a few sec(>nd~

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

progress of machining while munitoring groWlh of tool wear with machining lime.

The surface roughness attained aller 45 scc"nd~ of machining of the hardened

steel by tbe sharp (a) SNMG and (b) SNMM insert.~at various V-f combinations under dry

and high-pressure coolant conditions are shovm in Flg.3.22 and Fig.3.23. The variation in

surface roughness observed with progress of machining of the hardened ~teel by tbe two

types of inserts at a particular set of V, f ~,ld d under dry and high-pressure coolant

conditions have been in shown in Fig.3.24.
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Fig. 3.23 Variation in surface roughness (R.) with that of V and r in turning hardened

medium carbon sleel by SNMM insert under (a) dry and (b) HPC conditions.
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Fig. 3.24 Surface roughness (Ra) developed with progress of machining of the hardened

medium carbon steel by (a) SNMG and (11)SNMM insert Wldcr dry and HPC
conditions.

During slnlight turning in a cenlre lathe. the diameter of the machined part IS

generally found to

"
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'- increase along length of cut due 10 gradual wear of the tool tip

". decrease due 10 thennal expansion and subsequenl cooling of the job if the

job temperature rises significantl:/ during machining

'". increase duc to system complianec of the machine-fixturc-tool-work (M-F.

T _W) system under the action of/he cutting forces

.I'he order of dimensional deviations oossiblc due to thennal expansiun of the job

even under dry machining and duc to compliance of the M-F. T-W system were calculated

for the steel specimens being machined under the present conditions and the values

appeared to be extremely small (less than I flm) compared to that possible due to wear of

the tool lips. Therefore, in the present study, rhe dimensional deviations are considered to

be mainly due to wcar of the tool tips. The variation in diameter of the job was precisely

measured along its axis after one full pass of the machining ovcr 260 mm length with full

depth, at reasonably high feed and cutting velocity suitable for the tool-work combination.

TIJis has been done for all the tool-work-environment combinations undertaken keeping

the initial diameter and length of the steel rods same and unifonn as far as possible .

.'ne gradual increase in dimensional ueviations on diameter unserved along the

length of cut on the steel rod after one full pass of machining at cutting velocity of I 14

m/min,1.0 nun depth of cut and 0.1 mm/rev fced under dry and high-pressure coolant

conditions have been shown in Fig.3.25.
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Fig. 3.25 Dimensional deviation observed aller one full pas, turning of hardened medium

carbon steel by (a) SNMG and (b) SNMM insert under dry and HPC conditions.



Chapter-4
Discussion on Experimental Results

4.1 Chip

Machining chips inherently teits us the inter,u;tion characteristics at chip-looi

interface. To asses the perlonnancc of the machining.. it is always a good move 10 inspec!

the machining chips. In our research work, we inspe-~ted the color and shape of the chips

and mea~urcd the chip thickness ratio (Tel which is the ratio of the uncut chip thickness to

that of machined chip. Chip properties largely depend on the hardness of the work

material, tool geometry-especially the rake anrle am! the cutting parameters i.e. cutting

speed, feed mte and depth of cuI. They arc also somewhat dependant on the cutting

environment and the nature oCthe chip-tool inleracti"n.

-j able 3.2 presents the shape and color of machined chips under both dry and HPC

conditions !<IT SNMG and SNMM inserts. From the table we can see that the color of the

chips are ranging from light to deep blue under dry condition for both the inserts. The blue

color indicates the genenltion of high heat at the chip-tool interface. At lower speed and

feed, the energy conswnption is rdatively lower, but at high speed and feed, high energy is

consumed, friction between tool and work material in<;rea~es and high temperature is

reached which causes the color Df the machining chips become deep blue. On the other.

hand, the color of the chip is metallic under bigh pressure coolant condition lor both



SNMG and SNMM inserts. The high pressure wola,lt jet lifted the chip upward, ~reatcd a

wedge "n<:oct,and rcach~d al the inlcrfac~ that ullimakly nxlueed the temperature at the

cutting /.on~,

~ow. if we compare 1h" r,,~ull hclwc<:'n the S~M(;and Ihe SNMM insert, we find

thallhe SNMG insert wa~ the one which showed heller result under high pressure coolant

condition. The effect of high pressure coolan1 jd wus more sigoificant for the groove type

SNMG ins~rt. This bctk'f r~suh can b~ ac<:redited to ctTcc1ively larger posilivl' rake ortlle

1001and enhanced eoohng by the coolant jets impending alonl,l the gnHlve pamllcl to the

cutting edges.

The chip thickness mlir) (r,) is another important index of chip formation and

speeifi~ energy consumpti"n for a given tool-work combination. 11is calculated from the

following equalion,

jsin'l'",/, =
", ",

where,

a, = Uncut chip thickness = f simp

a2= Chip thickness

qJ= Principal culling cdg,: angle

f= Feed rate
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In case of turning, the machined chip thickness is greater than the uncut chip

thickne,s hecau",; during turning proces" th" chips arc under compression from three

sides. As a re~ull, the chip thickness ratio shows il v"lue smaller thilll L If the lfietion al

chip-to,,1 interface can be reduced, lhc comp'""Cssiv(:force on chips will be reduced also

which will yield a higher value of chip thickness rati.,.

1\11 parameters in machining arc directly nr indirectly linked with the chip

thickne~s rali". If there is excessive heat genenlted at the cutting ••one, there will be high

friction between the tool and the w\lrk malcria!. Ihis frictional force will cause high

energy consumption hencc higher culling tim;e. -nlC"" will lead to a low chip thickness

nl1io which is not desirable.

Fig. ].6 and Fig. ].7 show that the val"e of the chip thickness ratio (ro) is smaller

than 1.0 at every condition. As the cutting speed and feed rate increase, the value of th~.

chip thicknes, r"tio (rd deereases. This is due '10the high~"Tenergy consumption a.'lSocialCl;i

with higher matcrial removal nue. I'or all specd-feed cnmhinations. the application of high

pressure coolant shows highcr values of feed rate tS compared tn dry culling. The high

pres~ure cooling jet, ",jth both its lubricating "nd c\loling eITee!,minimized the shrinkage

ohhear ,"one and pJa.<;lieizationand r~-ducedthe limllati"n of built- up-edge.

The perccntage increase in the chip thickn<::~~nllio (rcl accomplished by applying

the high pressure coolant jet ror both SMNG and SNMM inserts under all speed-feed

conditions is ('ompilcd in Tahle 4. \ liJr luming hardcn~-d medium carbon steel. The

average valuc orthe improvement in the valu(' "f chip thickncss mtio (ro) is shown in the

Ia.<;trow.
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Table 4.1 Pel'l:enlllgc incrca.~c in chip thickness ralio (Te) in turning hardened medium
carbOn steel

-Fci:lI - '" -- ...." Insl"rl
' , "--'CUlting

(mmfrev) speed Sj\'j\l{; Si'lMM ,
, (mlmin) rcrct'nta c iucrca'c in r, I'erccnln 'C incrca~c in r ,

8J • "
0.12 119 " "166 " •

237 " •
8J " "

0.14 "' • •166 • •
237 • •
8J • •

0.16 "' • •166 , ,
, 237 • ,

Average • ,
"

From Table 4.1 we get IMt the lIverogc percenlllge incrclI5c-in the chip thickness

ratio for the slJllcd speed-feed condilion is 9% under high pressure cooling condition for

SNMG insert. TI1e increment for SNMM insert is 7%. At lower specd.f~d condition. the

•
result is more SIllisfllc!ol)'.

4.2 Al'CrngeChip.Toollnterface Temptrnture

Helll gcncl1Ilion lit the chip-lool interface is of prime concern in the machining

pl'OCl:S5.The mllchining Ic:mpernluic at the cutting mile romn be reduced to llJIoptimum

lent. During mnchining. shearing of work malerial, friction between the no •.••;ng chips and

me face of the tool and. friction of auxiliary nnnk with finished surface lire the principal

SOUTCl:S of heat genenllion. The magnitude of the cutting tempcfllturc increases with the

increase of material remm'al rate i.e, "ith the increasc of cutting velocil)', feed and depth

of cut, as a result, high production machining is constmined by the IIseend in tcmpemture.

"

,

•
,



of cut, as a result, high production machining i~ constrained by the ascend in tcmperdture.

This problem incrca.~cs further wilh the incrc,'sc in strength and hardness of the work

materiaL

High cutting temperature adversely affects. dircctly or indirectly, chip formation.

cutting forces, tool life, dim~n~ional accuracy and surfac~ integrity of thc product. In onIeT

to eop with thi~ problem, numelT,USattempts havc hccn made to reduce this detrimental

cutting t~mpenlture. [t has heen f(,lIowed thai in some cases, dry machining is preferable

for hard and difficult-to-machinc makriais at low ~pceds. But at high speeds, cutting nuids

can playa significant role. Application or eonvcoti()na! cutting Ouids may cool the tool and

the workpiece in bulk to some ~"Icnts, hul il can n"t cou[ and luhricate expcctctily and

effectively the chip-tool interface where thf' tcmperature is maximum. This is mostly

beca\L~eIhc Oowing chips make mainly hulk cur tact with the tool rake surface and may be

followed by clastic contactju~t before lea~ing \'"c contact with the tool. This hulk contact

does nOI allow thc eutting Iluid to pcnetrak iLto th,' chip-tool interface. Elastic contact

allows slight penctration of the culling t1uid unly over a small region by capillary aClion.

The cutting t1l1id action hecome~ mure and Inore illelr~ctivc at the interface with the

increase in cutting velocity when the chip-tool wntacl becomes almost fully plastic.

[n this researcb work, a t:loi-work thcmlOcoup1c was calibrated to determine the

aver"ge chip-tool intcrface tempemturc and thc v::dues ,-,ere plotted against di/Jerent

cutting spced under both dry und high prcssur<: coolam condition ti,,- ooth coated SNMG

and coaled SNMM inscrts. [I was expected th"l the application or high pressure coolanljet

would he much morc clTcctive ai high speed-ked cOlldition in reducing the average chip-
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tool interface temperature which play~ an imocrati'le mle On productivity, dimensional

accuracy, surlaee integrity and overall l-...,onomyin turning hardened medium carbon steel.

In Fig. 3.8 and Fig. J.9 the variation in avenlgc ehip-hK)1 interface temperature at

different cutting ~pccd and fecd is ~hown. Thc variation was studied for both SNMG and

SNMM insert~ under dry and high pres,urc coolant condition, At high speed-feed

condition, the MRR is high which fC<juircs high cnergy consumption. This high energy

input help~ the cutting zone temperdture increase. This is why the controlling of

temperature is more important in high specd machining.

Tahle 4.2 ~hows the rangc and average percentage reduction in chip-tool interface

temperdturc (0) in turning hardenl-><!medium carbon ~tec1 for different speed-feed

conditions IiJr both SNMG and SNMM ins<.>rtsachieved hy applying high pressure coolant

jel. From Fig. 3.8 and l'ig. 3.9 \t is evident that with the incrcase in culling velocity. the

cooling effect gcl~ more signilicant. The possihk reason may be thai high pressure coolant

jet reached the chip-tool interface even at high ~PL'Cd-fccdcondition. The high velocity jet
,,'

uplifted the chip creating a wedge efiect and rCJChcd at the shear Lone. There it performed

both thc coolinl\ and luhricating efrect~ and cvcntually reduced the tcmperature. This

reduction in temperature is very much apprcciahle in retaining tool life and produCt

quality. So, we can conclllde ihat rcsult~ of our re!oCarehwok show that application of high

pressure cuolant contrihute~ to a decrease in avcrdgc ehip-l<ml interface temperature hy it.

momentous margin depending on the culting parameters which is further demonstrated by

the color "fthc machining chips.
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Table 4.2 Percentage reduction ill chip-tool inl~rfae~ temperatlire (1I) In turning
hardened mediwn earboll ,teel

-
F=I Cutting Ins.,rt

(mrnJrev) 'p"d SNl'.IG SNMM
(m1min) p.,rc.,ntn ., r.,duction in ij Percenta e reduction in 9

83 14 10
0.12 119 13 9

166 II ,
237 9 5
83 II 8

0.14 119 10 8
166 , ,
237 10 8-
83 II S

0.16 119 10 9
166 II 9
237 " 8

Average II 8

4.3 CutlioJ!; Forces

The forces generated during th~ lnaehining process have a significant effect on the

quality of the part that can he machined. Excessive forces can lead to premature tool

lllilurc, tool vibration, high tempcratuf" generation, large tool def1edion." and significant

mechanical I"ads on thc workpiece surtace. Large tool deflections can lead to form errors

because the tool tip position deviates fn:!Il1the expected position. I,argc mechanical loads

on the workpiece surface can affect thc topography ~nd integrity of a machined surface.

For each of the'5e reasons, it is import<ll-,\to understand how changing proccss conditions

alTect cutting fmces. Ther", have heen ~, many, experimental investigations in hard turning

that have included culling force data. Attempts have alw been made to modcl cutting loads

in machining through cmpirical, allal)1il~i, mcchanj~tie, and Ilumerical (fillite element)
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techniques. These approaches have: produced reasonable results for both expensive and

inexpeosive cutting tools (typically with an ideal geometry).

In hard turning, there arc highly three-dimensional cutting gL~)mctry. large

negative rake geumetries, and a chip formation that typically has intermittenl periods of

high and low strain (chip segmentation). Each of these difficulties makes the force

behavior in hard turning more complicated than conventional machining. The two

componems uf cutting force (main culling j,m:e and ICL>dforce) "ere recorded during

machioing under dry and high prcssure coolant conditions Ii" hoth SNM(j and SNMM

inserts at regular intervals. rhe force components were measured with a stmin-gauge type

force dynamometer and recorded wilh a PC-based dala acquisition system, a~ detailed in

chapter I and chapter 2.

Fig. 3, II 10 Fig. 3,14 reveals that there is no significant inerea-;e of cutting force&

with the increase of culling speed although the energy input into the system and the strain

stress were higher at high cutting slweds. Ihis can be explained by increased heat

generated at the shear zone that was suflicient to plastici"", the "orkpiece material and

hence reduce its stren~.'1h.
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l'crcenlage reduction in main cuning lorcc (1'<) in turning hardened mediwn-
carbon sled -

'red !Cutting Insert
mmlrcv) ",od SNMG SNMM

mlmin) Percenta e reductiun in Fe Percenta e reduction in Fe
83 24 13

0.12 119 24 14 ,
166 21 15
237 20 11
R3 17 13

0.14 119 16 12 ,
166 16 12
237 17 7
83 16 13

0.16 119 15 9
166 16 7 ,

237 17 6
,

Average 18 11

"l'able4.3

From Fig. 3.11 to Fig. 3.14 we can sec thaI the high pressure co"lanljel has beeri

suc<;cssfuJ in reducing lhe main cutting force and fced fofCC. The reason behind this is

mainly thc reduclion of frictiOJl accomplished hy the lubricating effcct of the coolant jet:

The coolant jet, wilh il~ high prc::surc and velocity, \HISable 10 reach the tool tip where it

perlormcd its luhricaling and cooling effecls and minimized friction tn a notable extent.

Another reason acting behind thcse lowcred cutting fnrecs may be the reduction in chip

load. The high velocity ,-,o"lant jd impinged on the rake face uplifted the ,-,hip and reduced

chip load \vhieh eventually helped the ,-,utting forces fall down.

I able 4.3 and Table 4.4 shows the perccntage reduction in main culling force (1',)

feed I"rcc (I'd in toming hardened medium cmlx", steel. For SNMG and SNMM inserts.,

lhe percentage reductions in main cutling fnn:e arc 18% and 11% rcspC(;tively and lhe

percentage reductions in feed force arc 17% a'll' 11% respectively. The deep gmove at the
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rake face in SNMG inscrts facililalctllhe eoo)a~l jcllo reach the tool tip more effortlessly

than SNMM inserts. S", for SNMG insert" the reduction in cutting forces is more

signifieanllhan for SNMM inserts.

Table 4.4 Perccntag<; r<;duelion in feed force (1.',)in turning hardened medium carhon
slccl

Food Cutting Insert
(mm/rev) 'po'" SNMG SNMM

(m/min) Pereenta e reduction in F, Pereenta e reduction in Ft
83 19 13

0.12 119 19 14
166 18 IS
237 16 II
83 17 11- -

0.14 119 ", 12.._- -
166 16 12
237 17 7
83 16 13

0.16 119 14 9
166 16 7
237 17 6 ,

Average 17 II

4.4 ToolWear

Al c<.mventional speed, tool wear is mainly due tu abmsinn and adhesion, but is

dominated by diffu~ion process al higher speeds. High pressure coolant directly reduces ,

the diffusion process by decreasing the eliiting zone lemperature. As a result.. a delayed ,
progression of loul wear is followctl under the high pressure c'K,lant enndition. The wear'

of cutling 1""ls is generally quantitatively evalualed by Ihe magnitudes of VB. Vs• V",.'

VSM, V" etc. Among them, avcrogc principal Ilank wear. VB is considered to be the most ,
,

significant parameter alleast in research work. The earlier investigation earried out hy the'

!
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. presearchers reveals that the application of conventional culting fluid does not

ahvays help in rcducing tool wear in machining steels by coasted or uncoated carbide

inserts rather in some cases cxacerbak wear.

Rise in cutting force and temperature is directly relatcd with the gro"'1h of

principal flank wcar (Va), So, thc principal l1ankwear i, the forcmost concern among all

the tool wears. The life'of carbide tool>, which usually fails by wearing, is assessed by the

actual machining time after \vhich the avcragc value of its principal l1ankwear reaches a

limiting value, like 300f-lm. so, decrcasing the rate of growth of principal flank wear

without sacrificing the MRR should be, there/vre, our prlllle concern.

In order to measure the VB we used an optical microscope. TIle inserts were

withdrawn at regular intervals to study !he pattern and extent of wear on principal and

auxiliary flank faces under both dry and high pressuft' coolant conditions. The gradual

growth of principal flank \vear (VB) was observed during turning of hardened medium

carbon stccl by coated carbide insert, (SNMG and S1\'MM) at a cutting velocity of

114m/min,feed rate 0,14 and depth of cut 1.0mmunder both dry and high pressure coolant

conditions. TI,isparameter combination is selccted becau,e from prcvious discussion it has

been expcrieneed that the performance of high pressure coolant is more e/Tectivein cutting

velocity of 119m/min. feed rate 0.14 and dcpth of cut 0.8mm. H can bc clearly obsen-ed

that the principal l1ank wear (Va) decrea8e" significantly under high pressure coolant

condition.

Fig.3. I7 shows another tool wear criteria the avcrage auxiliary flank wear (Vol)

which governs the surface finish on the job as well a, dilTIensionaiaccuracy. Uthe average
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auxiliary flank wcar (V,) is high and iTTcgular, the surfacc linish and dimcnsional accuracy

will be inteTTupled. In Fig. 3.17 th~ growth of aver<lge auxiliary flank wcar (V,) has been

dcpictcd for both SNMG and SNMM inserts under dry and high pressUll;l coolant

conditions. This fib'Ure ~how~ thOlt there is a substantial improvement in reducing the

average auxiliary flank wear (Vs) under high pressure coolant condition.

In high pressure Ct,oling systcm, the c"ola"t jet was pressurized about 70 bars.

This high pre~~urc carried the coolant jet inlo thc plastic contact between tool tip and

workpi~c whcre it cooled the interface and lubricated properly. 11also helped to reduce

U1eheat gcneration caused by tI.e friction between auxiliary /lank face and finished surface

by appropriale luhricalion. Such improvemenl hy high pressure coolant may also be

attributed to retention of proper sharpm;,s and hardncss of the cutting edge by the steady

and intensivc cooling, protection from oxidation and corrosion and absence of built up

edge fonnation which acceh:rntes both crater wear and !lank wear by flaking and chipping.

The auxiliary Oank wcar, which occur.' due lo ruhbing of the (001 tip against the

finished ,urface, causes the dimensional inaccuracy and worsens the surface finish.

Gradual decrease in depth or cut which is proportional to the width of average auxiliary

flank wear (Vs) increases the diameter of the joh in "tmight turning with the progress of

machining and the irregularity developed in 1h'~\',uxiliary cutting edge due to wear impairn

the surface linish orthe product.

In the process of systemat;e growth ,,1' {,ulting ({lol wcar, the cutting tHols usually

first undergo rapid wear called h;eak-in wear at ,he beginning of machining due to attrition

and micro-chipping and then unifol1ll1y and relatively slow mcchanical wear followed by
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faster wear at the end. The IItt:chanism'and the rate of growth of cutting 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 haniened ~

carbon steel, no notching was fourn:l to dewlap in any of the inserts even under dry

machining condition possibly for the good chemical stability and uniform hardness of this

.,,01.

In during tuming of relatively soft and ductile materials by uncoated or coated

carbide tools at reasonably high speed-feed condition, cl1lterwear in governed mainly by

adhesion and diffusion for rubbing at higher stresses and temperature and flank wear

mainly by abrasion for less pressure and ter:lperattJre. But adhesion and diffusion type

temperature sensitive wear may also occur, in addition to abrasion Wl:8I",at the tool flank:l

if the flank temperature becomes high. Turnir,g of strong metals like hardened medium

carbon steel at reasonably high velocity lLld feed (119 mlmin and 0.14 mmlrev'

respectively) under dry condition is expected to cause sufficiently high temperature at the

tool flanks. Adhesion and diffusion, therefore. are also likely to have contributed to the

flank wear in the present case, and seemingly high pressure coolant jet has prevented such

temperature sensitive adhesion lllIddiffusion as well as reduced abrasion wears.

Fig.3.18, Fig.3.19, Fig. 3.20 and Fig. 3.21 show the SEM views of the worn out

inserts after machining of hardened mediwn carbon steel at effective in cutting velocity of

119m/min, feed rate 0.14 and <!epthof cut O.8mm for different periods of time which

qualitatively point toward the conclusion that the application of high pn:ssure ooollllJtjet

has provided substantial reduction in overall wear {.f the inserts. Fig. 3.18 and Fig. 3.19

%



also show that the principal flank wear is more uniform Wlderthe high pressme coolant•
conditionthan under dry condition.

4.5 Product Quality

If hard turning is to replace any grinding operation, it must be capable of

producing surfaces of acceptable quality. This includes both the surface topography

(surface frnish) and surface integrity, which is l'£hievedwhen "the surface ofa component

meets the demands of a specific stress system and environment" (22]. Kahles et 81. (13)

defined an ~extcnded surflll.-"-Cintegrity data sel" which includes: surface fini~

microstructure, microhardness. fatigue resistance, residual stress state, and frictional

characteristics.

i

There are two major types of surface damage that can be caused by hard twning.

The first is white layer, which has generally been assumed 10 result from temperatureJ

generated at the workpiece surface thai exceed the austenitizing temperature of the

material, followed by rapid cooling. The ~nd type of damage is the formation of

undesirable residual stress profiles at, and just helm/, the workpiece surface. Meclmnical

loading, plastic flow, and phase transformation can affect residual stresses, but negative

effects are primarily due to the clevated temj>~ during machining. Thus, the twO

types of damagc (white layer and tensile resii,ual stR:ss) are related and have gellerally

been investigated Iogether. It is generally believed that generation of white iftyerrequireS

both excessive heat at the workpiece surli,.;e and subsequent rapid cooling. Heal

!,'eneratiimis attributed 10 large amounts of energy generated in the shear region durini

chip formation and to the frictional energy between the tool flank and workpiece surface.

i
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However, experimental results disagree about the source of rapid cooling. Tonshoff

performed hard turning exper(metlt~ with and without coolant and fuund the while layer

magnitude was identical, indicating that workpiece self-cooling. and not coolllDt,must be

resJXlnsiblefor quenching of the workpiece surface [1:6,1:7].This lIl'gIUIIentis l'elISOlllIble

because the heat-affected zone is small in hard turning, and because the cutting velocities

are large enough that the contact time between the tool and workpiece: is minimal.

Therefore, it is possible that the bulk workpiece material acts as a heat sink and draws heal

from the surface to create a self-cooling effect. However, Konig et al. {1:S]found that

cutting with a worn tool produced white layer, but that similar cutting conditions with the

application of coolant resulted in urnlamaged swfaces.

In this research work, surface roughmss has been measured at two stages; first.

after 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, the surface roughness values wKIcr the high pressure: coolant.

oondition shows better results as compared to dry condition as referred by Table 4.5. It

alsO shows that the maximum reduction in surface roughness for SNMG inserts is up to,

23% and for SNMM inserts it goes up to 19%.
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Table 4.5 Pen:entage reduction III surface lOughness (R.) III turning hardened
medium carbon steel

SNMM .~
Pen:entage reduction in R,,'i,

30
31
25
31
26
26
16
20
19
13
13
12

I'
13

«d .. Cutting J.)ingih:, . .fOllert
e:~'>ll~~~.': :;,~f:~i.;!,','",~;: ,'::.SNMG~>,~~~~~(~h$f'"Percentage ,oonct:ioD in R".

10 33
20 40
30 29---
40 33
50 33
60 27
70 19
80 21
90 22
100 20
110 17
120 H.
DO 16
140 14

The dimensional deviation increases along the length of cut due to gradual wear

of the tool tip. The same thing is observed in this research work. Under HPC condition, the

tool wear was delayed by reducing the tempenlture and forces, as a result. from Fig. 2.5 we

found !hat the reduction in dimensional deviation is much more significant under this

condition than under dry condition.

The investigation on the dimell"ional deviation was carried out at a cutting speed

of 114mJmin and al a feed rate of 0.10 !Urn/rev with 1.0 mID depth of cut. Table 4.6 shows

thaI under high pressure coolant conclitlon the redoction in dimensional deviation for

SNMG insert goes up to 40 % and for ~NMM insert it goes up to 31 % depending on the

length of cut.
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Table 4.6 Percentage reduction in dimensirJlIai deviation in turning hardened mcdiwn
carbon stool

'Fool Cutting,
~(~) ,""",,', ,

(m/min):,
:j"

" 83

" 0.12 119
166
237
83

0.14 119
166
237
83

0.16 119
166
237

Average

<, ,J'

-'!if. :/ i'i,SNMG ';' ,1;W;

13 10
12 12
17 13
21 19
III 10
17 7
18 15
23 15
20 12
19 9
15 7
15 12

17 12

Again for SNMG inserts, the reduction in dimensional deviation is better than for

SNMM inserts. Because the groove in SNMG inserts provided better cooling and ehip ~

removal than the SNMM inserts whieh have provided less tool wear resulting in less1

dimensional deviation.

,
'lbe reasons for this reduction in dimensional deviation can be attributed to 1be i

proper cooling at the chip-tool interface. The less generation ofheat produced less thennaI j
expansion of the work material eventually decreasing the dimensional deviation. Proper! ,
cooling also provided retention of tool sharpness and delayed tool wear whieh also

conlributed to the decreased dimensional deviation.
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Chapter-5
Conclusions and Recommendations

5.1 Conclusions

l1li~ research work justifies the capability of the hard turning process under high

pressure coolant condition with cooted carbide inserts. TIx: goal of this study was to

evaluate the effects of high pressure coolant system on the wear behavior of the ooatcd

carbide cutting tools and on the resultant !illIface quality along with the cutting fon:e and

temperature. The following conclusions can be drawn from the aforesaid R:SUI.tslIIld

discussion.

I. The present high pressure coolant systt'm enabled the reduction in average

chip-tool inlerf~ temperature up 10 13% for both SNMG and SNMM

inserts depending on the cutting conditions. This apparently diminutive

reduction enabled con.~iderablc blprovement in the major macllinability

indices.

ll. The shape and color of the machined chips became favorable due to the_

application of high pressure coolant as it provided effective cooling at the

cutting zonc. The high pressure jet also improved the nature of interaction Il1



•

the chip-tool interface which results in about 100/. decrease in the chip-tool

interface temperature.

lll. Thc investigation shows that the application of high pressure coolllllt jet

trimmed down the main cutting force up to 24% for SNMG inserts and up

to 15% for SNMM inserts. The feed force is reduced up to 19"10 for SNMG

inserts and up to 15% for SNMM inserts. The high pressure coolant assisted

hard turning facilitated the relemion of tool edge shlllpDeSSfor a longer

period and also provided effectivc lubrication at the sheor zone. Tbcse

resulted in less friction and ultimately the less cutting tempenrturc which

seems 10 be the main reason fur the decrease in cutting forces.

IV. Increased cutting speed has a detrimental effect on tool perforrnllllCeas the

research reveals. Feed has a much less detrimental effect on the chip-tool

intcrface temperature and cutting forces, rather feeds actually have a

positive effect on cumulative volwne. This means that increased feeds

actually lead to an increase in the number of parts that can be IIllIdUned

with II tool before il fails, despiw the fact !hat the tool fails sooner than at

smaller feeds.

v. Application of high pressure coolmt jet produced reduced tool wear. good

diTJlellSionalaccuracy and surfnce finishes !hat IlI'e acceptable for most

applications. In general. this ~1udyshows that hani turning is capable of

producing precision parts and can replace grinding for many applications.
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VI. By selecting the coated tools, it il: possible to cut faster due to the improved

wear resistance of the tools, which in turn allows decreased feeds (and thus

better surface finish), produces higher material removal rates, lIDdreduces

the cost per part. The results also uncover the fact that SNMG inserts

performs better than SNMM inserts under both conditions.

vii. Acceptable dimensional accuracy llIIdsurface finllihes are possible by hard

turning. The quality of hard turned surfaces is generally good. Even when

while layers exist, they arc bclow 2 Ilm and would be removed by

supcrfinishing, wh!ch often follows hard turning or grinding. S1.Dfacefinish

is slightly poorer than grinding values due to plastic flow of the material

aI"OlUIdthe nose of eutting tools. This plowing action is inevitable due to the

negligible ehip thickness that occurs at the two boundaries of the contact

area between the tool and W01'kpince.Flank wear progression is non-lineaf,

but corresponds to a linear increase in the volumetric \\oelU' loss. Cutting

speed ha.~a mlJl;hmore detrimental effect on tool life than feed. IIICJ'eQC((

feeds are actually advantageous if the goal is to maximize the number of

paris pcrtool instead of cumulative cutting time. The improved perfonIlllllCe

under the high pressure coolant condition allows cutting at higher speeds,

which in tum yields lower chip-tool interface temperature and cutting

forces, improved surface finish, higher material removal rates, reduced

machining time per part, and reduced cost.

1Q3



5.2 Re<:ommendedFuture Works

This research work fills a void in hard turning research by establishing techniques

to quantify wear behavior and developing a c=ling system that accounts for minimiring

the detrimental effects of increased cutting wne temperature. Independent studies of

abrasion, adhesion, diffusion, and chemical reactions should be undertaken to identify the

potential contrihution of each of these mechallisms to material loss at different !lttess.

temperature, and environmental conditions. [t i,: e:<pected that different mechanisms will

be dominant at different cutting regimes, and hopefully independent models can be

combined into a useable wear model that dcscribes in a more physical way the effects of

cutting conditions on wear hchavior.

I. In our experiment, we used one cooling jet, but if we use three cooling jet

pinching towards thc rake face, principal and auxiliary flank face, the result

may get better which is yet 10be investigated.

11. l1te pressure and flow rate we selected are 70 bars and 6 liternlminute,

respectively. These two paramet~ can be changed and its effects can be"

further analyzed 10find the optimum result.

lll. In measuring chip-tool interface temperature, we considered the average

valucs only. The peak values an::yet to be tested 10UI1coverthe temperature

distribution in the chip-tool contact length.
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IV. Another area that needs significant attention is tool design. All testing

presented in this research work used identical tool geometry, although it is

not expeded thaI this geometry is optimal for any or all cases. Previous

works have shown that tool g~ometry affects nearly everything about the

process: tool wear lind failure, cutting force behavior, surface roughness.

residual stresses and white layer generation. Both experimental and

modeling work should be used \() identify the best tool geometry and edge

preparation for different materials, cutting conditions and applications.

105



References

[1] Kurimoto, T. and Barroc, G., "The Influence of Aqueous Fluids on the Wear

Characteristicsand Life of CarbideCuttingTools",Anrwis ofCIRP, Yol.3l (I),

pp.19-23,1982.

[2] Wrethim, R., Rotberg, J. and Ber, A., "[nfluence of High Pressure FlUshing,

Through the Rake Face of Cutting Tool", Annals of GRP, Vol. 41(1), pp.lOl-

106, 1992.

[3] Alaxcndcr, A., Varadarajan, A. S. and Philip, P. K., "Hard Turning with

Minimum Cutting Fluid: A Viable Green Alternative on the Shop Fioor",

Proceedings 18'hAli india Conference MTDU, pp.152-155, 1998.

[4J Mazurkiewicz,M., Kubala, Z. and r~how>J. "Metal Machining with High

Pressure Water"let Cooling Assistar,ce--A New Possibility", Journal of

En~ineeringfor Industry, Vol. 111, pp. :.'-121, 1989.

(5J Aronson, R. B., "Using High.PressureFluids, Cooling and Chip Removal are

Critical", Manufacturing Engineering, jane 2004, Vol.132 (6), 2004.



[6] Tonshoff, H.K., and Hetz, F. "S\lrface Integrity of Difficult 10 Machine

Materials",2nd IMEC Ses.;/on II, pp.I20-136, 1986.

[7] 130ssom,P. K. "Finish Machining of Hard Ferrous Workpieces", Industrial

Diamond Review. Vol. 5 pp. 228-233, 1990.

[8] Chryssolouris, G. "Effects of Machin~-Too,-WorkpieceStiffucss on the Wear

Behaviorof SuperhardCuttingMatetials", Annals qfthe CIRP, VoU! (1) pp.65-

69, 1982.

[9J Sheehy, T. "Taking the Hard Out of Hard Turning", Mamifucturing Engineering,

Sill, February1997.

[10] Devitt, A.J. "Siiding-Wa:'Dcsign Primer",Manufacturing Engineering, Sill, pp.

68-74, February 1998.

[11] Matsumoto, Y, Barash, M.M., Liu, C., R. "Effect of Hardness on the Surface

Integrity of AISI 4340 Steel", Journal of Engineering for Industry, Vol. 108, pp.

169"175, 1986.

[12] lochmann, S. and Wirtz, H. "Achieving Prcdsion Grinding Quality by haW.

Turning",ProceedinJ?s of the ASME IMLCE; MED-Vol. 10, pp. 817-823, 1999.

[13J Abrao, A. M. and Aspinwall,D. K. "l"h<:Surface Integrity ofTumed and Ground

HardcnedBearing Steel", Wear, Vol. 196,pp.279-284, 1996.

107



[14] Merchant, M.E. "Bask Mechanics of the Cutting Proce~s",ASME Journal of

Applied Mechanics, Vol. 11, pp. 168-175, 1944.

[15] L~, E.li., Shaffer, B.W. "The Theory of Plasticity Applied to a Problem of

Machining",Trans. ASME J Appl. Mech., Vol. 18pp. 405-413, 1951.

[16J Komanduri, R., and Brown, II. "On the Meehanies of Chip Segmentation m

Machining",Journal of Engilleerin~for InduMry, Vol. 103pp. 33-51, 1981.

[17] Shaw,M.e. "Chip Fonnation in the Mo~hiningof HardenedSteel", Annals of the

CIRP. Vol.42 (1) pp. 29-33,1993.

[181 Vyas, A., and Shaw, M.e. "Chip I'ormation When Hard Turning Stet:r',

Manufacturing Science and TechnoIQX)l. ASME Bound Volume, MED-Yol.6 (2)

pp. 21-28, 1997.

[19] Davies, M.A., Fick, S.E., Evan~,C.J.. "Dynamic Measurement of Shear Band

Formation in Preci~ion Hard Turning," in Liber Amicorum, Professor Paul

Vanherek,Ingerueurand Pedagoog,ISBN 90-73802-56-3, KatholiekeUniversiteit

Press,Leuven,Chapter 5; 1996.

[20] Kishawy, H.A., ElbeSTawi,M.A. "Effect of Process Parameters on Chip

Morphology When Machining Hardened Steel", Manufaclurin?: Science and

Technology, ASME,MED-Yo1.6 (2) pp. 13-20, 1997.

108



[21] Davies, M.A., Evans, (,.1" and Harper, K.I;. "Chip Segmer,tation in Machining

AlSI 52100 Steel", Pmc. ASPE, pp. 23:;-238, 1995.

[22] Kahles, J.F., Field, M. "Surface Integrity - A New Requirement for Surfaces

Generated by Material-Removal Methods", Pmceedings of the fnstitution oj

Mechanical Engineers, VoL 182 (3K) P? 3 1-45, 1967-68.

[23] Field, M., Kahles, J.F., Cammett, J.T. "Review of Measuring Methods for Surface

Integrity", Annals of the CfRP, VoL 21 (2) pp, 219-238, 1972.

[24] Ramcsh, A., Thiele, J.D" Melkole, S.N. "Surface Integrity In AlSI 4340 And

AlSI 52100 Finish Hard Turned Steels; A Comparative Study", Proceedings oj

the ASME IMECE, MED- Vol. 10, pp. ~3 I -837, 1999.

[25J Abrao, A. M., Aspinwali, D. K., and '.vise, M. L. H., "Tool life and workpiece

surfacc integrity evaluations when m,Khining hardened AlSI HI3 and AlSI

1052100 steels with conventional ceramic and PCBN tool materials", SME

Technical Paper MR95-159, 1995.

[26] Tonshoff, H. K., Wobkf>t,H. G., and Brandt, D., "Hard turning-influence on the

workpiece properties", Transac/ion' of NAMRI/SME, voL23, pp.215-220, 1995.

[27J Tonshoff, H.K., Wobkcr, H.G., and Brandt, D. "Tool Wear and Surface Integrity

iIi lIard Turning". Production L'ngineering, VoL 3(1) pp. 19-24, 1996.

109



[28] Konig. W., Klinger,
~ .

M., and Lid'., R., "Machining hard materials with

geometricallydermed culling edges-field of applications and limitations",Annals

of the CIRP, voL39 (I), pp.61-64, 199v.

[29J Griffiths, B.J. "Mechani~ms of White Layer Generation with Reference to

Machiningand Delbnnation Processes",Journal ,?fTribol0K!', Vol. 109,pp. 525-

530; 1987.

[30] Brinksmeier, E., Brockhoff, T. "White Layers in Machining Steels", 2nd

International Conferen~(: on High J)p~ed MachininR, PTW TV Darmstadt, pp. 7-

13,1999.

[31] Tonshoff, H.K., Wobker, H.G., Brane;t, D. "Potential and Limitation of Hard

Turning", SME Teclmica,' Paper, MR95-215; 1995.

[32} Akean, S., Shah, S., Chaabra, P.N., Moylan, S.P., Chandrasekar, S., Farris, T.N.

"Characteristicsof White Layers Formooin Steels by Machining", ASME, MED-

Vol. 10 pp. 789-795, 1999.

[33] Chou, Y.K., Evans, C.l. "White Layers and Thermal Modeling of Hard Turned

Surfaces", International Journal of Machine Tools and Manufacture, Vol. 39 pp.

1863-1881. 1999.

110



[34) Brinksmcier, E., Cammctt, 1.T., Konig, W., L.eskovar, P., Peters, J., Tonshoff.

I.LK. "Residual Stresscs-Ivleasurement and Causes in Machining Processes",

Annals (if the CIRP, Vol. 31 pp. 491-511\ i982.

[35] Konig, W., Berktold, A., ~nd Kock, K.F. "Turning versus Grinding-A comparison

of Surface Integrity Aspects and Attainable Accuracies", Annals of the CIRP,

Vol. 42 (I) pp. 39-43, 1993.

{36} Thiele, Jclfrey D. "An Investigation of Surface Generation Mechanisms for

Finish Hard Turning of AlSI 52100 Steel", Master's Thesis, Georgia Institute of

Technology; 1998.

{37} Kishawy, H.A., Elbcstawi, M.A. "Effects of Edge Preparation and Cutting Speed

on Surface Integrity of Die Materials in Hard Machining", Proceedings of the

ASME IMECE, MED- Vol. 3 pp 269-276,1998.

[38) Thiele, 1. D., Melkote, S. N., Peascoc, R. I..,and Watkins, T. R. "Effect of cutting

edge geometry and worklJiece hardness ()n surface residual stresses in futish hard

turning of AISI 52100 sleel", Transactions (?I'the ASME; Vol. 122 pp. 642-649.

2000.

[39] Griffiths, 13.1.,Furze, D.C. "Tribological Advantages of White Layers Produced

by Machining", Journal (J(1:.iboloKJ!,V"l. 109, pp, 338-342, 1987.

111

•



[40] Tonshoff, H.K., Brinksmcier;E. "Determination of the Mechanical and Thermal

Influences on Machined Surfaces by Microhardness and Residual Stress

Arullysis",Annals o/CIRP, 29/2/1980,pp.519-530, 1980.

[41] Matsumoto, Y., Magda, D., Hoeppner, D.W., Kim, T.Y. "Effect of Macruning

Processes on the Fatigue Strength of Hardened AISI 4340 Steel", Journal of

Engineering/or Illdustry. Vol. 113pp. 154-159, 1991.

[42] MatsumolO, Y., Hashimoto, F., Laholi, G. "Surface Integrity Generated By

PrecisionHard Turning",Annu/~'qfthe C1RP,Vol. 48 pp. 59-62, 1999.

[43] Smith, S.R. "An InvestigationInto the Effects of Hard Turning Surface Integrity

on Component Service Life", Ph.D. Dissertation, Georgia Institute of

Technology;200I.

L44j Takatsu, S., Shimoda,H., <:ndOtani, K. "Effects ofCBN content on the Cutting

Performanceof Polycrystalline eBN TOvis",!ntemational Journal ofRe/ractory

and Hard Metals, Vol. 2(4) pp. J 75-178, 1983.

[45] Luo, S.Y., Liao, Y.S. and Tsai, Y.Y., "Wear Characteristics in Turning High

Hardness Alloy Steel by Ceramic and eBN Tools", Journal CJ,f Materials

Processing TeehnoloK)', Vol. 88, pp. 114--121,1999.

[46] Matsumoto, Y., Narutak.i.N. 'Tool Workpiece Interaction in Precision Hard

Turning",Finer Poillts, VoL8 (4) pp. 14-16,1996.



[47J Barry, J., Byrne, G., "Cutting Tool We<.r in the Machining of Hardened Steels,

ParllJ: Cubic Boron Nitride Cutting Tool Wear", Wear, Yol. 247 pp, 139-151,

2001.

[48] Chou, Y. K., and Barash, M. M., "Review on hard turning and CBN cutting

tools", 1" International Machining and Grinding Conference, pp,949-%2, 1995,

[49J Chou, Y,K., and Evans, CJ. "'MicrostructuralEffects in Precision Hard Turning",

Manufacturing Science and Enf(ineerinf(, ASME Manufacturing Engineering

Division, Vol. 4 pp. 237-242, 1996.

[50] Chou, Y.K., and Evans, c.J. "Tool weHrm<'chanismsin continuous cutting of

hardened tool steels", Wear, Vol. 212 p].!.59-65, 1997.

[5 I J Sista, P.S., Swain, S,O., Srinivasa. C., and Farris, T.N. "Tool Wear

Characteristics of CBN Tools in the Finish Machining of Tool Steels",

Manufacturing Science and TeehnoloY.J',ASM, MED- Vol. 6 (2) pp, 161-168,

1997.

[52] Chaltopadhyay,A. B. and Bhattacharya,A., "Cutting Characteristics of Constant

Pressure",Journal of Enxineering for Industry, ME-2, pp. 255-275, 1968.

[53} Chattopadhyay, A. K. ar:d Chattopadhyay, A. 8., "Wear aud Performance of

Coated Carbidesand Ceramic Tools",Wwr,Yo1.80,pp.239-253, 1982.

1 13



[54] Singh, S. It, Chakraborty, A. K. and Chattopadhyay, A. fl., "A Study of the

Ellects of Inclusion Contact on the Nlaehinabllity and Well! Characteristics of

0.24% Carbon Steel', Journal of Materials rroce~'sing TechnoloJ{Y, Vol. 66,

pp.90-96.1997.

[55] Jaspers, S.P.F.C. and Gautzenberg, J.d., "Material Behaviour in Metal Cutting:

Strains, Strain Rates and Temperature in Chip Formation", .Journal of Materia!s

Processing technolof-Ol.Vol. 43, pp. 1-13, 2002.

[56] List, G_,Nouari, M., G'ehin, D., GDmez,S., Manaud, J.P., Lc Petitcorps, Y. and

Girot, F., "Wear Behavi0r of Cemented Carbide Tools in Dry Machining of

AluminiumAlloy", Wear, Vol. 259, pp. 1177-1189, 2005.

[57] Muller, C. and Blumke, R.• "Innuencc of Heat Treatment and Cutting Speed on

Chip Segmentationof Age Hardcnable Aluminum Alloy", Material Science and

Technology, VoLl7, 2001.

[58] Ekinovic, S., Dolinsek, S. and Ekirol:ic, E., "Frequency of Segmentation and

Shape and Dimension~ of Chip S~~mcnts at 52 HRC Steel High-speed

Machining",Masinstvo, VoL6 (3), pp_143-148, 2002.

[59] Ng, E.-G., El-Wardany, T.\., Dumitr,"scu,M. and Elbestawi, M.A., "Physics

based Simulation of High Speed Muchining", Prm:eedings of the Fifth CIRP

interna/ional Workshop OilModeling of Machining Operations, West Lafayette,

IN. USA, 2002.

114



[60) Vernon, A. and Ozel, T., "Factors AtTe<:;tingSurface Roughness in Finish Hard

Turning", Proceedings of the MARL.03, Manufacturing Automation and

Research Laboratory, New Jersey, January 2003.

[61] Ekinovie S., Dolinsek S. and Begovj,' E, "Machinability of 90MnCrV8 Steel

during High"Speed Machining", Journal of Materials Processing Techtwl01O'.

Vol. 162-163, pp. 603-608,2005.

[62) Kosa, T. and Ney, R. P., "Metals Handbcok", Yo1.16,ASM, pp.681-707, 1989.

[63] Jawahir, J. S. and van Luttcrvelt. C. A., "Recent Development in Chip Control

Research and Application", Annals o{CIRP, Vo1.42 (2). pp.659-693, 1993.

{64] Komanduri, R. and Schroeder, T. A. "On Shear Instability in Machining a Nickel-

Iron base SuperaI1oy", Journal of En~ineeringfor Industry, Yol. 108, pp. 93-106,

1993.

[65] Pashby, I. R., Wallbank J. and Boud, F. "Ceramic Tool Wear when Machining

Austempered Ductile Iron", Wear,Vol. 162-104, pp. 22-33, 1993.

[66] Kitagawa, T., Kubo. A. and Maekawa. K.,"Temperature and Wear of Cutting

Tools in High Speed Machining oflnconc1 718 nnd Ti-6V-2Sn", Wear, Vol 202,

pp.142-148,1997.

115



[67J VJeugcls, 1., "Machining orSteel with Sialon Ceramics: Influence orCeramic and

Workpiece Composition on Tool Wear", Wear, Vo1.189,pp. 32-44, 1995.

[68] ToroJXlv,A. and Ko, S.L., "Predicti.:mof Tool-Chip Contact Length using a New

Slip-Line Solution for .Orthogonal Ccttting", International Journtll of Machine

Tools & Manufacture, Vol. 43, pp. 1209-1215,2003.

[69J Masatoshi Hirao, Toru Fuse, Kciichi Shirast', Takeshi Yasui, Tctsuo Shiraga and

Nobuyuki Ishikawa, "Improved Machinability of Nitriding Steel(SACM 645)",

Journal ofMaterials Processing Techm,loKY,Yol. 62, pp. 370-373, 1996.

[70] DuaIl, Chunzheng and Wang, Minjic "Some Metallurgical Asr=ts of Chips

formed in High Speed Machining 01" High Strength Low Alloy Steel", Scripta

Materialia, Vol. 52, pp. 1001-1004, 2,0Q5.

[71] Sutter, G., "Chip Geor,letries during High-Speed Machining for Orthogonal

Cutting Conditions", Int~rnational J,mrnal of Machine Tools & Manufacture,,.
Yol. 45, pp. 719-726,2005.

{72] Strafford, K.N. and Audy, 1., "Indirect Monitoring of Machinability in Carbon

Steels by Measurement of Cutting Forces", Journal of Materials Processing

Techn%IlY, Vol. 67, pp. 150-156,1997.

116



.,

[73] Thiele, J.D. and Melkot~, S.N., "Effccl of Cutling Edge Geometry and Workpiece

Hardness on Surfaee Generation in the Finish Hard Turning of AISI 52100 Steer',

Journal of Materials Pr(J(;e~'sinKTechnoloK)!, Vol. 94, pp. 216-226, 1999.

[74] Liu, X.L., Wen, D.H., Li, Z.J., Xiao, l. and Van, F.G., "Experimental Study on

Hard Turning Hardend GCr15 Steel with PCBN Tool", Journal of Materials

Proces,j';nx Technology, Vol. 129, pp.217-221, 2002.

[75] Trent, E. M., "The Tribology of Metal Cutting, Industrial Tribology, The Practical

Aspect of Friction", Lulrica/ion and Wear, Elsevier, Amsterdam, pp.446-470,

1983.

{76] Reed, R. P. and Clark, A F., "Materiab at Low Temperatures", American Snciery

for Metals, Carnes Publication, Metal Park, OH, 1983.

[77] Wu, D. W. and Matsumoto, Y. ''The I:ffcct ,)fHardness on Residual Slre=s in

Orthogonal Machining of AlSI4340 St"el", .Journal of Engineering for Industry,

Vol. 112, pp. 245-252,1990.

[78] Wang, Z.Y., Rajurkar, K.P. and Murugappan, M., ''Cryogenic PCRN Turning of

Ceramic (8iJ N4)", Wear, Vol.l95, pp. 1-6, 1996.

[79] l.ia", y.s, and Shiue, R.H., "Carhidc '1001 Wear Mechanism in Turning of

Inconel718 Superalloy", Wear, Vol. 1,93,pp. 16-24, 1996.

117



[80] Rahman, M" Seah, W.K.H. and leo, T.T., "The Maehinahility or Inennel 718",

Journal of Malerials Frons"i"K 1'echnolo?y, Vol. 63, pp.199-204, 1997.

[81] F/.llgwu, E.O. and Tang. S.II., "Surrae,: Ahl1scwhen Machillillg Cast lron(G.17)

and Nickel-flaM: Supernlloy (Inconcl 718) with Ceramic Tonls" . .J"umal of

Malerials Procc.'.I'ing 7'<:t"!mol"KJ'.V"L 5.\ pp. 63-69. 1995,

[82] Wang, Z.M., Ph.D Thesis, South Bank University. London. 1997.

[83] Choudhury, S.K. and Appa Rao. J.V.K.. "Optimi/,ation or CUlling I'aramctcrs lor

Maximj~ing 'I ()ol tOl"c". 1"'cm"li",,,,1 .J"um,,1 "f Machinc T""I" lind

Manufaclure. VOL39, pp. 343-353,19)9.

[84] Molinari, A. and Nounri, M., '"Tool Wear in High Speed Machining", Journal de

Phy"ique, Vol. 10. pp. 541-547, 2000.

Ig51 Ezugwu, F..O. and Wang. Z.M .. "Pcr\<mrumcc of I'VD and CVD Coated Tools

when Machining Niekel.Based. Incond 718 Alloy". Proxre."s "f' Cul/inX and

Gnnding. Vol. III, pp. 102-107, 1996.

[g6] Kaminski, J. and Alvclid, B" "Tcmperatur! in the CuUing Zone in Water-Jet

Aosislcd fuming", .lournal "f'Muleri",,," f'm<'<'S.I'inl'r"dmol"K". Vol. 106. PI'.

68-73,20IJO.



"

[87J Fang, N., "Machining with Tool-Chip Cnllla;:1 on the '1001 Secondary Rake Face.

Part 1I An<tly~is and Discussion", inlenwlivn,,/ Journ(l! ol Mechan;ml Sciences,

VOl. 44. pp. 2355-236R, 2()()2.

[88J I:zugwu, E.O. and Benney, L ""'ffC":l of High-Pressure Coolanl Supply when

Machining Nickcl- B",c, Ineon,,] 718, 1\ !loy ••..ilh Coaled Carbide Too Is". Journal

'if Muleri,,!., J'roc<,ssin~ Techno/"",}'. \")1. 153-154, pp. 1045-1050, 2004.

[89] B<Ju/.id,W" ZghaL A.and BenAyed, K.. "Carhidc and Ceramic Tool Life in High

Speed Tllrning".lnlernali,mai JournllJ' 4 Vehicle 1Je.\i~n. 2004.

[90] Kop<lc, J. and Babor. ;~1., "jnteraction of the 'technological History of a

Workpie<:e Material anci Machining Parumders on the Desired Qualit)' of the

Surface Roughness ofa Product", JOl:rnai (}lMa/~riai.l' Proce,~,\'inf!,Technolom:,

Vol. 92-93, pp. 381-387,1999.

[91] Ehbrcll, S., Woolley. N.lL. Tridima~, Y.D.. Allamson. n.R. and R"we, W,B..

"The Eflccts of Cuttinr Fluid Application Methods on the Grinding Process".

Inl~ma/ional Journal 'd Machin~ Toni.l-and Manu{aClUre, Vol. 40. pp. 209-223,

2000.

[92] Muraka. 1'. D" Uarrow. n. and 1l;~dLJja_S.. "Inllucncc of the Procc,s Variahles

00 th~ 'Icmpcrnturc j)is'.rihution '" OrtllOgonal Machining using the Finite

Ekmenl Method". Interna/ional Joumal o{ Machine Tool Desi~n lind Research,

VoL 21, pp.445, 1979.

'I'



[93J Dider, (i. E., "l\1eehan;eal Metallt!rgy"'. McGraw-ifill {mana/ion,,! Book

Company, 1981.

[941 Jawabir.1. S., "Tb~ Tool RcstrictcJ Contact 1':l1celas a Major Inlluencing Fador

in Chip Llreaking: An Fxpcrimental Analysis", Anna!,~ or URI'. VoU7. No.1.

rp.I21-126, 1988.

[951 Beaubien, S. J. and Cattanco, A. G .. ""J.. Stu;]y of thc Role of Cutting Fluid In

Machining Operations" _Luhrication t-'I1.~ineain!" Vol. I0, pp. 74-79, 1964.

[961 (,'a"lll, C. and Ilo"throy~J, (i., "'I,uhri~l t i,", I'.c\ ion of ('\Ill ing Fluids', Journal

orMechani<.:al f"'nKineerinKand Scicnce, Vol 7, No. I, pp.67-81, 1965.

[971 Shigeki, 0., Yoshinohu, N. and Suchisa. K., "Cooling Action of Grinding Fluid in

Shallow GrinJing", !nlemu/iona! Jownal of M'Khine Too!s and ManufiJ~.ture,

Vol. 33, No.1, P[1. 13-23. 1993.

[98) Dhar, N, R., NanJakishore. S.V .. Paul, S. and Chatlopadhyay. A. B., "The E!1i.><;ts

of Cryogenic Cooling on Chips and Cu<:iing forces in Turning of AISI 1040 and

AIS14320 Steels". Journal or Enl-!-ineerin!!;Mcnu!iJdure (lMechE-20iJ2), Vol. 216

Part 13,pp.713-724, 2002,

1991 Dhar. N, K., Paul, S. ane' Cbatto[1mlhya}. A. ll.. "Role "fCryogenic Cooling on

Cutting Temperature in Turning Steel", Tran:mclioll or Ihe ASME. Vol. 12J. pp.

146-154.2002.

120



[100] Ohar, N. R.. Paul. S. and Chatlopadhya", A. 13., "Machining of AISl 4140 Sled

under Cr}ogenic Cooling-Tool Wear, Surlacc Roughness and Dimensional

Deviation", .Journal of Materials Pro,'es~inJ' TeehnolorJ-', Vol.ll3, ppA8J-489,

2002.

[101J Dhar, N. R.. I'alll, S, :1I1dChallop",lh.'ay, A. IL "Thc h,llucncc "rCryogcnic

Cooling on Tool Wear. Dimcnsio'lal .'\ccurney aru:l Surlaee Finish in Turning

AlSJ 1040 and E4340C Steels, Wcar, Vol.249, pp.932-942, 2002.

[102] Trent, E. M., "Metal Cutting". Bu/lerwor/h 's, London & H%lon. 1984.

[103J Trent, E.M., "Mdal CuLLing", 'third edil ion, Jj IIlterMwlh, London., 1991.

[104] Sadik, M.L and Lindstro"rn, R.. "The Rol~ of Tool-Chip Length m Metal

Cutting", .Journal of Materials Pro,,<,,\'s.;n}!,Tc"hn"!,,I{Y, Vol. 37, pp. 613-627,

I'J'JJ.

[105J Novaski, O. and O""TT,L "lJsinagem quase a sceo. Ma'quin'JS e Metais", pp. J4-

41. novembro dc, 1999.

[106] Seah. K. II. W., I.i, X. and Lee, K. S" "The Elfeet of Applying Coulanl on Tool

Wear in Metal Machining' ,Journal o! Materials Processing Technol"gy. VoL 48.

pp. 495-501,1')<)5.



ll07J Hei~el, [1.. and Lutz, M., "Pe~uisa de Fluido de Refrigeme,a'o e de

Lubrifieae,a -0.", Ma 'quir-a.I'c Mctais. pp. 40-49, lCvereiro dc, 1<)98.

1108] Hei~et tl.. Llil/, M., Spath, /)" W;~~,mer. R. llild Walter, lJ.,"A "["e'eniea da

Quantidade My'nima de Fluidos e s:,a Arlieae.a'o nos Processos de corte",

Ma ''1uinas e Me/ai.\'. Pl'. 22-38. lcyereiro de, 1999.

[109] Bennetl, E.O., "Water Based Cutting Fluid~ and Human Health", Tribology

in/crna/wna!, Vol. 18, pp.133-136, 1983.

[110] Renncll, E. 0 and Ilcnnel1, n. L. "Occupational Airway Diseases in the

Metal-\~orking Industry", Trib%;;:}' in/ernalional, Vol. 18, No.3, pp.169-176,

1985

[Ill J Aronson. R.B., "Why Dry Machining?" Munu/uduring Engincerin}-!, Vol. 114,

pp,33-36,1995.

[112] Ding. Y. and Hong, S.Y., "Improvcment or Chip Breaking in Machining ww

Carbon Steel by Cryogenically Pre-cooling the Workpiece". Transac/ion of

ASM1'-', Vol. 120, pp.76-8J, ]998.

[113] Hong, S. Y., Ding, Y. and Ekkins, R. G., "Improving Low Carbon Chip

Breakability by CryogcOlieCooling", /;;lanul':'",u/ JOllrnol of Mac/line Too/ and

Manufac/ure, Vol. 39, pp. 1065-1085, 199'}.

122



[114] Nan.ltakL N., Yamane, Y, and Okushima. K" ''Tool Wear and Cutting

Temperature of eRN 1 ools in Machining of Hardened Steels", Annals of CIR?,

Vol. 28 (I), pp. 23-28, 1979.

[l151 Davies, M. A.. Chou. Y. and Evans. C. J., "On Chip Morphology. Tool Wear and

Culling Mechanics in I,'inish !lard Turr,ing", Annals ole/RI', Vol. 45 (1). pp.77-

~2, 1996.

[1161 Hong, S.Y" Markus. I. and kong, W. "New Cooling Approach and Tool Lile

Improvement in Cryogcnic Machining "rT;-6AI-4V", InternaTional Journal or
Machine Tools and Manu/;xlUre, Vol. 41. pro 2245-2260, 20Ul.

[117] SECn, "Turning Dil1icult-lo-Maehine Al!oys'" Technical Guide. 2002. p. 21.

[118J Farook, A., Varadarajan, A. S. and Philip, 1'. K., "Machinability Studies on Sted

using Ilard Metal Inscrt.s with Soft /Vla~crial Dcpo~iC. Pr",",'cdinR.' "l nt" All

India Conference MTDR, pp.152-155, 1°98.

[119] Thoors, H and ChandrMekaran, K, '"r'lf1uenee of the Cutting Medium on Tool

Wear during Torning", S" "dish Im'/iTu/e for Melal Research. Report No IM-)Il 8,

1994.

[1201 Chandrasckaran. 11.. Thl'Vander, A. and Johansson. J. 0" ''The Influence of

Cutting Fluid on Tool Temperature Dis,ribution in Single Point Turning of Steel",

llilh AIMTDR Co'1/erencc, IlT Kharugp~r, India. pp.2 I9-224, 199R.

123



[121] Paul, S. and Cha!lopadhyay, A.IL "Enec!s of Cryogcnic Cooling by liquid

Nitrogen Jet on force" Tempera!ure aIld Sur1Uce Rc~idual S!ress,'S in Grinding",

CrY"Kenic.l, Vol. -'5. Pl'. 515-52.1.1995.

[122J Paul, S., Ohar. N. R. ill}(~Chatlopadhyay,A. B .. "Benefieial Em-'cts of Cryogenic

Cooling over Ory and Wet Machillin.~ on Tool Wcar and Surface Finish 10

Turning AIS! ]060 steel", I'roc. oj' Ie 1M"~]000, Malaysia, 1'1'.209-214. 2000.

[1231 PauL S,' Ohar, N, R. and Cmmopadhpy,A. H., "Heneiieial EtTects of Cryogenic

Cooling over Dry and Wet Maehillil'g 011 '1001 Wear and Surface Finish in

Tuming A1Sl 1060 'teer' . .Journal ,,{Maleria!.l' ['races.linK r"chnol"xo;, 1'1'.44-48.

2001,

[1241 Ohar, N. R. and Kamruzzamar., M.. "An E.~perimental Study of Cryogenic

Cooling in Grinding Steels: Chip ~onnalion. Temperature and Surface

ROllghne~s", .Journal '!/ Mechamcal Engil/cerinK 1"-"8, Vol. ME -'4, June and

Dccember, 2005.

[125J Dhar, N. R. and Kamru/.Laman, M.. "2lled of Cryogenic Cooling by Liquid

Nitrogen Jet un Tool Wear and Prodn,;t Quality in Turning AISI-9310 Steel",

ARl'N ,hmrrwl o{ f:rl1!J~eerinKand Applied SCWrlC<'.I',Vol. I (I), pp. 1-7, June

2006.

[126] Dhur, NikhiJ R., Islam ~'jmaiya, Kamru7/,aman, Md., and ['nul Sllumilra "Wear

llchavior of Uncoated Cmbide Imerts under Dry, Wet and Cryogenic Conditiuns

124



in Turning; C-60 St~el" . .Journal 'd Brenlian SOClely (!( Med"mkal SeienCl.' and

f.."ngineerinj;, VoL 28 (;~).pp. 146.) 52, 2006.

[1271 Dlmr, Nikhi) Ranjan, K"mrllLl.aman. i,l.. Khan, M.M.A and ChaUopadhyay. A.

B.. "Effect of Cryogenic Cooling by Liquid Nitrogen Jets on Tool Wear. Surlacc

Fini~h and Dimensional Deviation in Turning Ditlerent SteelR", fnlernalional

Journal o( Machining and MUI:hinalJilily of Materials. Vol. 1 (1) pp.115-131,

2006.

[128] Ohar, N. R. and Kamru(Zaman, M., "Cutting: T~mpcrature, Tool Wear. Surface

Roughness and f)imcn.~ional Deviati'-,n in Turning AlSI-4037 Steel under

Cryogenic Condition", Inlemalional JOllmal af Machin<' To"l and Manufacturr:,

Vol. 47. pp. 754.759, 2007.

[129J Machado, A.R. and '\:allbank .l.. ''The EJli::d of Extremely Low I.uhricant

Volumes in Machining", Wear, Vol. 21'S. pp. 76-82, 1997.

[130J Byrne, G., Dornfeld. D. and Dcnkenu., 8.. "Advancing Cuning Technology",

Annal.\' qfURP, VoL 52 m. pp. 483-507, 2003.

II3IJ Wein~rt, K., Inasaki, I., Suth~rlanJ, J.W. and Wakabayashi, T., "Dry Machining

and Minimum Quanlity I ,uhrication", Annat., 'i( URI', Vol. 53 (2). pp. 511-537,

2004,

125



[132] Alla"",i", A.. Gdli, M,. 1,<1 Vc<:<:loia,M. I'cdrlli"./ani, R. and Ro:mino. c.,

"Minimum Quanlity Llibricuticn ill Turning: Tool LilC To:sC, Luhricalion

Engineermg, pp. 1497- T5tl3. 2004.

[1331 Dhur, N. R., Islam. S. and Kamruz7:ln.an, M.. "Experimental Investigation on

EJlcL! oj' Minimum Qu~ntity Lubricatior, (MQI.) in Machining Steer', .Journa/ of

EnxineerinR and Techno/"x)'. VoL 4 {I \, pp. 13.24, 2005,

[134J Dha!, N. R., Islam, M. W., blam, S. ~IndMithu, M. A. H., "The Influence of

Minimum Quantity Luhrieation (MQL) on Culling Temper~ture, Chip and

Dimensional Accurncy ii, Turning AISI 1040 Sleer, ."",rna! of Maleria/s

Processing TechnololO', -Vol. 171, pp. 93-'19, 2006.

[135] [)hur, N. R., Islam, SUlmliya.and Kumruuaman, M., "Experimental Investigation

on Effect of Minimum Quantity Luhrie,ltion (MQI.) in Machining Steel",

internationai Journal of A!anufacturinK 'i"echr.o/"KYand Re.,'earch, Vol. 2 (I& 2),

pp, 45-52, January-June, 2006.

[136] Dhar, N, R., Kamruzzaman, M. and Ahmed Mahillddin, "Effect of Minimnm

Quantity Lubrication (MQL) on Tool Wear and Surface Roughness in Tnming

.'\ISI 4340 Steer', .Journal of Malerials j'r(}cessing Techno!oKY, Vol. 172, pp.299-

304, 20(j(,.

l137J Dhar, Nikhil Ranjan, Islan:, Sumaiyu ;mu Kamruu,aman, Mohammad, "EI1'ecl of

Minimum Quantity Lubrication (MQ\_l Tool Wcar and Surface Roughness and

126



[)imen~ional Deviation jll Turning AI~;j-434() Sled'. UU .Journal oj Science.

Vol. 20 (2), pp. 23-32, January-June. 20J7.

[138] Ezugwu, E.n., Hanney, J. and Yamane, Y., "An Overview "I' the Machinability of

Aeroengine Alloys", Jour/,'al o( Mare,-rai., Pr(,,"es~'in;.:Te<'hnolol(Y. VoL 134. pp.

233-253, 2003.

[139] Elugwu, E.O., Machado. A.R.. Pushby. LR. und Wulllmnk, J .• "rhe Effect of

High-Pressure Coolant ~,'pply when Machining a Ileat-Resistant Nickel-Based

Superalloy", Journal oj Tribolor:>-'alJ(/ Lu/,,'icalion };nxine"rinp,. Vol. 47 (9),

['['.751-757.19'lU.

[140] Machudo. A.R. and Wallbank, L 'rhe F.ITect "I' High-Pressure Jet on

Machining", Proceedi"g,. oj'the Institution oj' Mechanical En;.:ineer,~Part B. Vol.

208, pp. 29-38,1994.

[141] Kovacevic. R.. "App"ratus und Mcth('<1of High Pressure Water Jet Assisted

Cooling/Lubrication in Ma,;hining", i'ai('nl No.5. 288.186.22 February. \994.

[142] ELUgWU, E.O., HOlliey, J., Fadare. D..\. and Sales. W.F., "Machining of Nickel-

base. Inconel 718. Alloy with Ceramic Too15 under Finishing Conditions with

Various Coolant Supply ";'essures". J()~rnal 'd Muleri"ls f'ron',,'sin;.: Te<'hnol"K>'.

Vol. 1(,2-\63, pp_ 6()9~614_ 2(J()5.

127



[143] EZUgl'vll,E.O., Da Silvaa, R.B., lionney, J. and Machado, A .R., "Evaluation of

the Perfonnancc of CRN Jools when Turning Ti-6AI--4V Alloy \vith High

Pressure Coolant Supplies", Inlanational Journal of /Wachine Tools &

Manufacrure,VoL 45, pp. 1009-1014,2005.

[144] Kovacevic, R., Cherukuthola, C. and Mazurkiewicz, M., "High-pressure Waler

Jet Cooling/Lubrication to Improve Machining Efficiency in Milling",

Internalivnal Journal vf Machine Tvo!s and Manufacture, Vol. 35 (10), pp.1459-

1473,1995.

[1451. Crafoord: R Kaminski, J., Lagcrberg, S., Ljungkrona, O. and Wrdland, A" "Chip

Control in Tube Turning using a High-Pressure Water Jet", Proceedings uf lhe

Institution o/Mcchanical Engineas, Part B, VoL 213, pp.761-767, 1999.

[146] Nubhani, F., "Machining of Aerospace Titanium Alloys", R"horics and Campurer

lnregraled Manu/acrunng, Vol, 17. pp. 99-106, 2001.

[147] Nagpal, B.K. und Sharma, C.S" "Cutting Fluids Performance-Part I-Optimization

of Pressure for 'Hi-Jet' Method of Cutting Fluid Application", Journal of

EngineeringjiJr industry, Transactions of the ASME August, pp. 881-H89, 1973.

[148J Nedess, C. und Hintze, W., "Characteristics Parameters of Chip Control in

Turning Operations with Indexable Three Dimensionally Shaped Chip Formers",

Annals o/eIRP. Vol. 38 (I), pp, 75-79, 1989.

128



[i49] Conen~, D. A.. Ol,on, W. W, and SlIlhcrland. J, W.. "An Experimental

Investigation into th(~ Effect of Cutting FI,lid Conditions of the !'loring of

Aluminum Alloys", ASME Bound Voh'm,', 19(J5.

[150] Khamsehzadeh, H" "!'l,~haviollr of Ccrnmie Cutting Tools When Machining

Sllpcra[loys". ['h, 1) 7h,:.""., [991.

[151] Satoshi, 1., Tciji, Y., Shinichi, M. and Kazuo, M., "Machinability <.lfNi"Al Bascd

Intcrmetallic Compounds" ,Journal 0/ Mllterials !'roce,,'sinK l'echnol01O'. Vo1.63,

pp.lM1-IM6,1997.

[152] Arunachalam, R. and Mmnan, M.A.. "M~ehinability of Niekel.based High

Temperature Alloys", MII(:hininx &ience and Te(:hnoloK}', Vol. 4 ([l. pp.127-

168,2000.

[[531 Ezugwu, E.O. and Ronncy, J., "EITec! LJf Iligh-rres,"rc Coolant Supply when

Mnchining Nicke[-Base, lneoncl 71H, Alloy with Coated Carbide Tool~",

interna/ional Con/erem:e on Advant:es III Mu/l.:r;u[s und l'rocessinl< l'echnoioK;l:S

(AMPT), Dublin City U'llvcrsity, Duhlin, Republie of Ireland, pp. 787-790, 8-11

July. 2003.

[154J !.imkke, R, Schoenig, ;;. ami I\!wll, 1\.. "ConI YOllr JC!s", ('lilli'll< Tool

I,'nxineer;nx. Octoocr 199[

129



[ISS] Klocke, F., hitsch R. and Gcrschwiler, K.. "Machining Titanium Alloys", Fifih

Intemuliona! Confer~nce on B~havi(»' ofMaterml.r in Machining, Chester, Uniled

Kinguom, pp.251-258, 12-13 Nllwmber2002.

[156] Dhar, N. R. and Kamruzzmnan, M.. "A Study of Effects ofHigh-Prcs,ure Coolant

on Chips, Temperature und Cutting: Force III Turning AISI-8740 Steel"

Procudings of the !nternational Conference on Manufacturing Automation

(lCMA-2007), Singapore

[157] Dhar. N. R. und Kamruzzumun, M., "On Effect ofHigh-Pressurc Coolant on Tool

Wear and Surface Finish in Turning A1SI-8740 Steel" Proceedings of the

Inlemotional Conference on Munujacluring Automation (ICJ1A-2007), Sing:apore

[158] Kamruzzamun, M., Ollar, N, R. and Rashid, M. H., "Elfect of High-Pressure

Coolant on Chip, Temperature and Cuuing force in Turning AISI-I060 Sleel",

Proceedings of the .lValionu!Conference on Dcsign, Dynamics and Munufacturing

(NCDDM-2007), PWljab, lndia, pp.199-204. 2007.

[159] Kamruzzaman, M. and Dhar, N. R.. "An Experimental Investigation into Tool

Wear, Tool Life and Product Quality in Turning Steel llIlder High-Pres<;ure

Coolant Condition", Proceedings of the Glob,,! Conference on ProduClion and

!ndustriul Engineering (ePIE-200?), Jalandhar, India, pp.1-6, 2007,

130


	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107
	00000108
	00000109
	00000110
	00000111
	00000112
	00000113
	00000114
	00000115
	00000116
	00000117
	00000118
	00000119
	00000120
	00000121
	00000122
	00000123
	00000124
	00000125
	00000126
	00000127
	00000128
	00000129
	00000130
	00000131
	00000132
	00000133
	00000134
	00000135
	00000136
	00000137
	00000138
	00000139
	00000140
	00000141
	00000142
	00000143

