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Abstract

e O

The present work deals with development of mathematical mode| of
temperature distribution in chip-tool-work piece interface and cutting force In
turning of medium carbon steel using high-pressure coolant jet and
subsequentty venfy it with experimental investigation.

To determine the tempearature distribution and force in metal cutting is
very laborious and tme intense through experiment. By using FEM, the
temperature distribution in chip-tool-work piece interface can be achieved very
accurately. The mathematical model for cutting temperature has been
developed and MSC Nastran/Patran simulation software was used ta llustrate
the temperature distribution. The results were then verified with the
experimental data for dry machining. As the results satisfy with acceptable
margin, the model then applied for high-pressure coolant condition to find out
the temperature distribuiion in chip-tool-wark piece interface. A force model has
been developed to determine the culting force for turning operation.

In high-pressure coolant condilion the average cutting temperature
reduced by 16% and the cutting force reduced up to 30% then dry condition
The both model provides reasonably acceptable results in terms of deviatian
from actual result, with 12% deviation for temperature model and 10% deviation
for force mode Thus both the madel prove its validity. As the temperature at the
chip-tool interface and the cutting forces are the two most important factors
influencing the machining process, so high-pressure coolant condition is

complimentary for machimng process.
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Chapter-1

Introduction

1.1  High Production Machining

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

manufaciuring shops.

The perlormance and service life of engineering component depends
on their m atenal, dimensional and form accuracy and surface quality. The
preformed blanks are finished by machining and grinding to attain the desired

accuracy and surface integrity.

The growing demand for higher productivity, produdt guality and overal
economy in manufacturing by machining and grinding, pardicularly to meet the
challenges thrown by liberalisation and global cost competitiveness, insists high

material remaoval rate and high stability and long {ife of the cutting tools.



Hmwév;r, rh;gh- production machining a nd g rinding with high cutting
velogity, feed and depth of cutis inherently associated with generation of large
amount of heat and high cutting temperature. Such high cutling temperature not
only reduces dimensional accuracy and tool life but also impairs the surface

integrity of the product,

Longer cuts under high cutting temperature cause themmnal expansion
and distorlion of the job paricularly if it is slender and amall in size, which leads
to dimensional and form naccuracy On the other hand, high cutting
temperature accelerates the growth of tool wear and also enhances the
chances of premature failure aof the taol by plastic deformation and thermal
fractunng. The surface qualty of the products alsc deteriorates with the

¥
increase in cutting temperature due to bullt-up-edge formation, oxidation, rapid
corrasion and induction af tensile residual stress and surface micro-cracks.
These problems are more predominantin grinding where cutting temperature is,
as such, very high due to much higher specific energy requirement and cutting
velocity Such problem becomes more acute and serious if the work materials
are very hard, strong and heat resistive and when the machinad or ground part
is subjected to dynamic or shock loading dunng therr funchional operations.

Therefore, it is essential 1o reduce he cuthing temperature as far as possible.

Inindustries, the mazhining temperature and its detrimental effects are
generally reduced by
. praper selection of process parameters and geometry of the

3



cltting fools

. proper selection and application of cutling flud

. using heat and wear resistant cutting tool materials like carbides,
coated carbides and high perormance ceramics (CBN and
diamond are extremely heat and wear resistive but those are too
expensive and are justified for very speciai work materials and

requirements where other tools are not effective}

Cutting fluid not only cools the toal and job but also prowﬁes lubrication
and cleans the cutting zone and protects the nascent finished surface from
conlamination by the harmful gases present in the atmosphere But the
conventional types and methods of application of cutting fluid have been found
to become less eflective with the increase in culling velocity and feed when the
cutting fluid cannot properly enter the chip-toal interface to canl end lubricate
due ta bulk plastic contact of the chip with the tool rake surface. Besides that,
often in high produclion machining the cutting fluid may cause premature failure
of the cutting tool by fracturing due to close curling of the chips and thermal
shocks. For which application of hugh cooling type water base cutting fluids are
generally avoided in machining steels by britlle type cutting tools like carbides
and ceramics But what 15 of more sencus concern is the pollution of the

working envircnment caused by use of cutbing fluid, particularly oil-based type.

The major socio-economic problems that arise due to conventional type

and method of application of cutting fluids are.



. inconveniences due to wetting and difliness of the working zone

- possible damage of the machine tool by ¢orrosion and mixing of
the cutting fluid with the lubricants

«  envirenmental polluticn due to break down of the culting fluid intg
harmful gases

. biological hazards to the operators from bacterial growth in the
cutting fluids

- regquirement of additional systems for lacal storage, pumping,
filtration, recycling, re-cooling, large space and disposal of the

cutting fluid, which causes soil contamination and water pellution

The modermn industnes are, therefore, looking for possible means of dry,

clean, neat and pollution free machining and grinding.

Ample researches have been carried out and are still going on In this
direclion. Cryngenic cooling by agents like liguid nitragen appearsto he a
promising technique for effective cooling without the problems associated with
conventional cutling flind applications. However, 1t is also essential to be
assured that praductivity and overall economy are nal affected while deriving
the environmental benefits of cryogenic cooling. Rather it 15 necessary to
explore the possible technological benefits of such cryogenic cooling and

optimise 1t for maximum overall socio-economic benefits.

1.2 Literature Review



Untl now, ample research and investigations have been done in
different parls of the world on machinability of different materials mainly in
respect of chip morphalogy, cutting forces, cutling temperature, chip tool
interaction, dimensional accuracy, surface integrity and wear and life of cutling
tool with and without {dry machining’ using cutling fluid, Environmentat pollution
arising out of conventional cutting fluid applications has been a serious concemn
of the modern machining industries, Research has also beeninitiated on control
of such pollution by cryogenic cooling and ther techineological effects particulariy
In temperature intensive machining and grinding. & brief review of some of the
interesting and important contributions in the closely related areas is presented

in this section.

1.2.1 On causes, effects and control of cutting temperature
Machining is inharently characterized by generation of heat and high
cutting temperature. At such elevated temperature the cutting tool if not enough
hot hard may lose their form stakility quickly or wear out rapidly resulting in
increased cutting forces, dimensional inaccuracy of the product and shorer tool
Iife. The magrutude of this cutling temperature increases, though in different
degree, with the increase of cutling velacity, feed and depth of cut, as a result,
high production machining is constrained by nse in temperature. This problem
increases further with the increase in strength and hardness of the work |

material,

It was observed [Jawahir and van Luttervelt 1993] that, in machining



ductile metals producing long chips, the chip-toal contact length has a direct
influence on the cutting temperature and thermo-chemical wear of cutting tools.
The cutling temperature becomes maximum on the rake face of the tool at a
cerlain distance from the cutting edge where cratenng occurs Such high rake

face temperature can also raise the temperature at the flank of the tool.

In addition to usual flank wear and crater wear the cutting tools oflen
attain notching on the flanks and grooving on the rake surtace at the auter ends
of the engaged portions of the cutting edges On the major cutling edge, the
grooving wear occurs at the extreme end of the depth of cut and is
charactenized by deeper abrasion of the tool edge. On the end cutting edge, the
grooving wear is characterized by smaller multiple notches. Several
mechanisms have been proposed [Solaja 1958] to explain grooving wear such
as

i} development of a work-hardened/abrasive oxide layer on the cut

surface

iy formation of thermal cracks due to steep temperature gradient

i) presence of side-spread matenat at the edges of a newly cut

surface and

iv) fatigue of tool material due to cutting force fluctuations at the free

surface caused by lateral motions of the edges of the chip.

Trent [1983] also reported that in machining ductile metals, the chip

conlact length plays significant role on the chip and tool temperature which



becomes maximum almost at the centre of the chip-taol conlact surface where

then crater wear beqins and grooves intensively.

Kosa et al [1989] suggested that in machining ductile metals, the heat
and temperature developed due to plastic deformation and rubbing of the chips
with tool may cause continuous built-up of welded debris which aflects
machining operation. Austenitic stainless steels are generally considered
difficuli-to-machine because of high work-hardening rate, toughness and
ductiity Therefore, tools will be subjected to high frictional heat, and chips wilf

have a tendency to stick and cause severe built-up edge formation.

The heat generated during m achining [ Trent 1984] also raises the
temperature of the cutting tool tips and the work-surface near the cutting zone.
Due to such high temperature and pressure the cutting edge deforms plastically
and wears rapidly, which lead to dimensional inaccuracy, increase in cutting
forces and premature tool faillure. On the other hand, the culling temperature, if
it is high and is not controlled, worsens the surface topography and impairs the
surface integrity by oxidation and introducing residual stresses, micro-cracks

and structural changes

Reed et al. [1983] reported that the hardness, plastic modulus and the
fraciure toughness of the tool decline with increase in cutting temperature,
which accelerates tool wear rate. Moreover, thermal stresses in the tool

mcrease with the temperature resulting in more cracks in the tool and



premature failure of the tool. The high cutting temperature also causes

mechanical and chemical damage of the finished surface.

Vleugels et al [1995] observed that the contact length between the tool
and chip has a direct influence on the cutting temperatures and the amount of
heat energy that is dissipated in the tool, which enhances thermally aclivated
chemical wear. Maximum temperature is found to develop on the rake face of
the tool, at a certain distance from the cutting edge, where cratering occurs.
The amount of energy dissipated through the rake face of the tool also raises

the temperature at the flanks of the tool

The high specific energy required in machining under high cutting
velocity and unfavourable condition of machimng results in wvery high
temperature which reduces the dimensional accuracy and tool life by plastic
deformation and rapid wear of the cutting points [Chattopadhyay and
Bhattacharya 1968, Chattcpadhyay and Chatlopadhyay 1982 and Singh et
al. 1997]. On the other hand, such high temperature, if not controlled, impairs
the surface integrity of the machined camponent by severe plastic flow of work
matenal, oxidation and by inducing large tensile residual stresses, micro cracks
and subsurface cracks, This problem is further intensified whike machining for
faster material removal in bulk and finishing very hard, strong and difficult-to-
machine materials, which are gradually adventing with vast and rapid
developments in the modern areas, like aerospace technology and nuclear

sCIEence,



Past research has been focused on the temperature and its distribution
im the cutting zone because it 18 believed that it has a direct impact on tool life
[Chao and Trigger 1955]. The primary function of cutting fluids is io reduce this
cutting temperature and increase tool life [Shaw et al. 1951]. The cutting fluids
are believed to reduce cutting temperature ether by removing heat as a coolant
or reducing the heat generation as a lubricant. In addition, the cutting fluid has a
practical function as a chip-handling medium [Beaubien 1364]. Cutting fluids
alsp, help in machiming of ductile materials by reducing or preventing formation
of & built-up edge {BUE), which degrades the surface finish [Heginbotham and

Gogia 1961].

Usually the high cutling temperature is controlled by profuse cooling
[Alaxender et al. 1998, Kurlmoto and Barroe 1982 and Wrethin et al. 1952).
However, such profuse cooling with conventional cutting fluids is not able to
solve these problems fully even when employed in the form of jet or mist. With
the advent of some modern machining praocess and harder matenals and for
demand for precision machining, the control of machining temperature by mare

effective and efficient cooling has become extremely essential.

Generally, suitable cutting fluid is employed to reduce this problem
through cooling and lubrication at the cutting zone. However, it has been
experienced [Cassin and Boothroyed 1965] that lubrication is effective at low
speeds when it is accomplished by diffusion through the workpiece and by

forming solid boundary layers from the extreme pressure additives, but at high



speeds no sufficient lubrication effect is evident. The ineffeclivensss of
lubrication of the cutting fluid at high speed machining is attributed [Shaw et al.
1951] to the inability of the cutting fluid to reach the aclual cutling zone and
particularly at the chip-tool interface due to bulk or plastic contacl at high cuting

speed

The cooling and lubricating effects by cutting fluid [Merchant 1958 and
Kitagawa et al. 1997] influence each other and diminish with ingrease in cutting
velocity. Since the cutting fluid does not enter the chip-tool interface during
high speed machining, the cutting fluid action is limited to bulk heat removal
anly. Mazurkiewicz [1989] reporfed that a coolant applied at the cutting zone
through a high-pressure jet nozzle could reduce the contacl length and
coefficient of friction at chip-tool interface and thus could reduce cutting forces

and increase tool Iife to some extent.

in machining duclile metals even with cutting fluid, the increase in
cutting velocity reduces the ductility of the work material and causes production
of long sontinuous chips, which raises the cutting temperature furlher [Nedess

and Hintze 1989).

The effecl of the heat generated at the primary shear zone is less
significant for its lesser intensity and distance from the rake surface. However,
the heat generated at the chip-tool interface is of much greater significance,

particularly under high cutling speed conditions where the heat source is a thin

git



flow-zone seized to the toot [Trent 1984]. The coolant cannot act direclly on this
thin zone but only externally cools the chip, workpiece and the tool, which are
accessible to the coolant. Removal of heat by conduction through the chip and
the workpiece is likely to have relatively little effect on the temperature at the

chip-tool and work-toc! interface.

A cutling flud may imparl two mare actions, namely the mechanical
strength reducing action and the electro-chemical aclion. The mechanical
strength reducing action (known as the Rehbinder effecl) seemed to be
negligible when steel jobs are machined at moderate cutting speeds with
carbide tools [Kurimoto and Barroe 1982] The influence of the electric current
flowing through the cutling zone on the rate of tool wear is also well known
[Elis and Barrow 1969}. However, most commercial cutting fluids are non
electro-conductive, and as such the situation with respect to current flow will not
vary significantly from the dry cutting case. The electrochemical action is

treated as a carrosion phenomenan in respect of tool wear.

The machining temperature could be reduced to some extent by
improving the machinability characteristics of the work material melallurgically,
aptimizing the tool geometry and by proper selection of the process parameters
[Muraka 1979, Dieter 1981 and Jawahir 1988]. Some recent technigues have
enabled partial control of the machining temperature by using heat resistance
tools like coated carbides, CBN ete. The thermal detenoration of the cutting

tools can be reduced [Narutaki and Yamane 1979] by using CBN tools. If

11



property manufactured. selected and used, CBN tool provides much less cuting
forces, temperature and hence less tensile residual siresses [Davles et al.

1996]. However, CBN tools are very expensive.

A tribological experiment was attempted [Farook et al. 1998] to modify
the conlact surface af turming inserts by deposition of a soft bearing material by
EDM. It was observed that although the modified inserts affer reduced cutting
force, their heneficial effect on surface finish is marginal. At higher cutting
velocities the brought on layers are fast depleted with cutting time and makes
no contribution to wear resislance of the tool, especially at the flanks. 1t was
reporled [Alaxender et al. 1993] that coolant injection offers better cutting
performance in terms of surface finish, tool force and tool wear when compared

¢ flood cooling.

A recent development [Chandrasekaran et al. 1998] in this context is
the use of CO- snow as the coolant in machining. This is feasible if COz in liquid
form under pressure {60 bars} s fed ta the cutting zone and diffused through a
capilary jet. This results in a change of state and the formation of COZ snow
{endothermic reaclion resuling in a temperature of -79°C). Earlier
investigations [Thoors and Chandrasekaran 1994] observed that CO2 snow
could function as a good culling fluid/coolant under cerfain circumstances,
which are very much related to the tool-work combination and the actual mode

of feeding the coolant to the cutting zone.,

1.2.2 On adverse effects of conventional cutting fluid applications

12



Technological problems

Traditionally, the manufacture of a product had been atHempted to be
done as quickly and inexpensively as possible. Now that more environmental
regulations are being put in place, manufacturers are forced to re-evaluate thelr
manufactuting processes and reduce or eliminate their waste streams. The
waste streams present in machining include cutling fluid flow, chip flow, and

cutting tool usage.

The application of cutting fluid may not always reduce the cutting toal
wear as is commonly believed, Rather some conditions like machining steels by

carbide tools, the use of coolant may increase tocl wear.

It has been experienced [Shaw et al. 1951] that there was more tool
wear when cutting with coolant than cutling dry in case of machining Al311020

and AlS| 4340 steels by M-2 hugh speed steel tool cuting.

Seah et al. [1995] also reporied that at the first stage of machining {first
40 seconds or s0), tool wear was faster in wet cutting than in dry cutting. Later
on, the wear rate slabilized and was somewhat the same for both dry and wet
cuting.

During mechining, the cutling toot generally undergoes [Trent 1983]
both flank wear and crater wear. Flank wear generally causes an increase in
the cutting forces, dimensional inaccuracy and vibraton. Crater wear takes

place on the rake face of the tool where the chip slides over the tonl surface

i3



Another e xperimental | nvestigation was conducled [Cozzens et al,
1995] on single point boring. This was aimed to study the role of cutting fluid,
tool and workpiece material, tool geometry and cutting conditions on
machinability. The results indicated that the cutting fluid conditions had no
significant effect on surface texture, forces and built-up edge. Since boringis a
high-speed operation and lubrication is ineffective, no eflect was seen on ihe
forces. However, the cutting fluid was found to have a significant effect on

surface integnty.

Proper selection and application of cuting fluid generally improves tool
life At low cutiing speed almost four times longer tool life was obtained
[Satoshi et al. 1997] by such cutling fluid. However, surface finish did not

imprave significantly.

Wearing of cutting tools not only causes loss of the cutting edges or tips
of the inserts but loss of the entire insert after wear of all the corners. From an
environmental perspective, therefore, the significant waste 1s not the portion of
the tool worn away by the tool-work contact, but the remaining portion of the

togl that is disposed after its useful life [Sheng and Munoz 1393].

Environrnental problems

Manufacturing by machining constitutes major industrial activities in
global perspective. Like other manufacturing activities, machining also leads to

environmental pollution [Ding and Hong 1998 and Hong et al. 1999] rnainly

14



because of use of cutting fluids. These fluids often contan sulfur (S},
phosphorus (P), chlorine (Cl) or other exireme-pressure additives to improve
the lubricating performance. These chemicals present health hazards
Furthermare, the cost of treating the waste liguid is high and the treatment itself
is a source of air pollution. The major problems that arise due to use of cutling
fluids are [Aronsen 1995]:
. environmental pollution due to breakdown of the cutting fluids into
harmful gases at high cutting temperature,
+  biological hazards to the operators from the bacterial growth in
the cutting fluids
. requirements of additional systems for pumping, local storage,
filtration, temporary recyeling, cooling and large space

requirement

disposal of the spent cutting fluids which alse offer high risk of
water pollution and soil contamination.

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

harmful effects of various cutting fluid application.

It has been estimated [Bennett 1983)] that about one million workers
are exposed to cutting fluids in the United States alone. Since cutting fluids are
complex in composition, they may be more toxic than their constituents and
may be irmtant or allergenic. Also, both bacteria and fungi can effectively

colonize the cutting fluids and serve as source of microbial toxins. Hence

15



significant negative effects, in terms of environmental, health, and safety
consequences, are associated with the use of culling fluids. The effects of
exposure to the fluids on health have been studied far over 50 years; beginning
with the concern that culting fluid (oil} is a petential etiologic factor for
occupational skin cancer {Epidemiological studies indicate that long-term
exposure to metalworking fluids can lead to increased incidence of several
typas of cancer) The international Agency far Research on Cancer has
concluded that there is sufficient evidence that mineral oils used in the
workplace are carcinogenic [Peter et al.1996). Basically, workers are exposed
to metal cutting fluids via three routes [Bennett et al. 19835]; skin exposure,

aerial exposure and ingestion.

Skin exposure is the dominant route of exposure, and itis believed that
ahout 80 percent of all occupational diseases are caused by skin contact with
fluids [Bennett et al.1985). Cutting fluids are imporiant causes of occupational
contact dermatitis, which may involve either irritant ar allergic mechanisms.
Water mixed fluds generally determine irritant contact dermatitis and allergic
contact dermatitis when they are in touch with workers skin, Non-water-miscible
fluids usually cause skin disorders such as foliculitis, oil acne, keratoses and

carcinomas.

lowa Waste Reduction Centre [1996] reported that besides potential
skin and eye contact, inhalation is also a way to occupational expasure. Mists

are aerosols comprised of liguid parlicles {less than 20 pm} During machining

16



process, a considerable amount of heat 1s generated for which the cutting fluid
may attain a temperature sufficiently higher than the saturation temperature.
The vapour 15 produced at the solid-liquid interface as a result of boiling.
Vapour may be generated alsg at the liguid-air interface when the fluid vapour
pressure is less than, the saturation pressure, namely as evaporation
phenomene. Vapour generated then may condense to form mist. The
non-aqueous components of the cutting fluid, such as the biocide additives,
appear as fine aerosal that can enter the workroom air. Additionally, the cutling
fiuids impact with both stationary and rotating elements within the machine tool
systen, which leads to mechanical energy being transmitled to the fluid Thus,
the cutting fluid has higher surface energy and becomes less stable and
disintegratas into drops {atomization). The spray from the fluid application also
may generate mist. A total fluid 1oss of 5 to 20 percent may accur due to
evaporation, atomization, splashing and dragout processes. Whether formed by
atomization or evaporation/condensation, smail droplats may be suspended in
the air for several hours even several days in the workers breathing zones.
These drifting droplets tend evaporate furlher. Inhaled parlicles {with
aerodynamic diameters less than 10 um} deposit in the various regions of the
respiratory system by the complex acton of the different deposition
mechanisms The particulates below 2.5 pm aercdynamic diameter deposit
primarily in the alvealar regions, which is the most sensitive region of lung. The
particulates in size ranging from 25 uym te 10 pym deposit primarily in the
air-ways. The potential health effects of exposure to cutting fluid mists have

been the subjects of epidemiological studies in the automotive industry. The
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mist droplets can cause throat, pancreas, rectum, and prostate cancers, as well
as breathing problems and respiratory illnesses Cne acute effect observed 1s
mild and reversihle narrowing of aimways during exposure to cutling fluid mist

[Kennedy 1989].

Several other epidemiclogical studies have also suggested that
exposure to fluid mist may be associated with increased risk of airway irnlation,
chronic bronchitis, asthma and even laryngeal cancer [Bennett et al. 1985 and
Eisen et al. 1994]. The Occupational Safety and Health Administrations
(OSHA} standard for airborne parliculate {largely due to fluid mist) is 5 mg/m®,
and the United Auto Workers {UAW) has proposed a reduclion in the standard
to 0.5 mg/m’. The cil mist level in a plant ranged from 4.2 1o 15.6 mg/m” but fell
to between 0.47 to 1.68 mg/m® when a different cutting fluid was substituted in
the system [Welter 1978].

t

Anti misting compounds, such as & pol:}methaacrylate polymer,
polyischutylene and poly-n-hutane in concentrations of 0.2% as well as paly (1,
2-hirtene oxide) have been suggested for addition into cutting fluids [Bennett et
al, 1985]. However, consideration must be given to the effects of these
chemicals upen humans The most effective way to control mist exposure is to
use mist collector to prevent mist from entering plant air [Leith et al. 1996].
Many callectors use several stages of filters in series for the purpose. Other
collectars use centrifugal cells or eleclrostatic precipitators as intermediate

stages. Any collector using a 95% Dioctyl Phthalate (DOP) or High-Efficiency
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Particulate Air {HEPA) filter as a final collection stage has been tested as high
efficiency when new. However, its efficiency will decrease with time. Moreover,
the qil dropiets may undergo partial or complete evaporation as they travel to
collector [Raynor et al. 1996]. The generated arganic vapours may return to
ihe room and affect work health, and may recondense on the coal surface

causing safety and maintenance problems.

Pollution free manufacturing 1s increasingly gaining interest due to
recent development of pollution-prevention legislation, European tnitiatives an
product lake-back or recycling, which affect many exporl industries in the US,
and a growing consumer, demand for green products and production
processes. Concern for the environment, health and safety of the operators, as
well as the requirements to enforce the environmental protection laws and
occupational safety and health regulations are compelling the industry to
conhsider a cryogenic machining process as one of the viable alternative instead

of using conventional cutting fluids.

Economical aspects

Cutting fluids are widely used in machining operations to obtain
accuracy of part dimensions, longer tool life and in some cases better surface
finish. The research Iiterature identifies two primary functions of gutling fluids in
machining operations: lubncation to reduce process friction and cooling to
remove process generated heat. A secondary function of the cutting fluid is to

transpor the chips from the cutting zone. Cutling fluid systems are used in
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industry to deliver fluid to the cutling process, recirculate fluid, separate chips,
and collect fluid mists. The machining costs {labour and averhead) in the US
alone is estimated to be $300 bilionfyear [Komanduri and Desai 1983]. The
costs associated with the use of cutting fluids is estimated to be about 16% of
the manufacturing costs [Byrne and Scholta 1993] which is many more times
than the labaur and overhead figures guoted above. A recent study in Germany
found that 16% of machining cost in the high volume manufacturing industries
is associated with the use of cutting fluids (procurement, maintenance and
disposal) while only 4% of the cost was associated with cutting tools [Aronson
1595]. The use of cutting fluids also requires additional equipmant for plant

housekeeping.

1.2.3 On methods and effects of high-pressure cooling in

machining

Grawing demand for hign MRR in machining necessitated much
increase in cutting velocity, which eventually required the efficiency of cooling to
be increased in order to cope with the increase in the cutting temperature. On
the other hand, legislation in many countries are restricting much use of
coolants, because of environmenlal issues. There are limits on the amount of
conlant mist, and some coalants and coolant-coated chips have been treated
as toxic materials. Qutside the plant, the nsing cost of chip disposal and the
potential secondary effects of coolant vented to the atmosphere are new
concerns [Aronson 1995}, In some applications, lhe cansumption of cutting

fluids has been reduced drastically by using mist lubrication However, mist in
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the industrial environment can have a serious respiratory effect on the operator
[Kennedy 1989] Consequently, high standards are being set to minimize this
effect. Use of cutting fluds will become more expensive as these standards are
implemented teaving no elternative but to consider environmentally friendly

manufacturing.

Recently high—pressure jet of conventional coolant has been reporled
to provide same reduction in cutting temperature [Robert 2004] High-pressure
coalant can often cut cycle times in half or better and improve surface finish and
double or quadruple tool life while delivering a reduction in cycle time
[Frederick Mason 2001] The idea of delivering coolant under high pressure to
the cutting region in order ta increase too! life during machining began in early
1950s [Pigott and Colwel 1952 ). The prmary objeclive of this machining
technigue is to significantly reduce the temperature generated at the tool-
workpiece and tool-chip interlaces when cutting at higher speed conditions.
This is achieved by directing coolant under high pressure at the chip-tool
interface. This process can also achieve high chip breakability and control
through increased chip up curl and compressive stress [Ezugwu 2004]
Fzugwu [2004] stated that ability to deliver coalant at high pressure very close
to the critical paint on the secondary shear zone can improve machinability at
higher speed conditions. The credibility of this technigue of coolant delivery has
been thoroughly invesligated over the years. The high-speed coclant jet
traverses the surface faster, thus significantly lowering the film boiling action of

the coolant at the cutting area. This consequently minimizes heat transfer to the
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cutting tool. The high-pressure coolant et creates a hydraulic wedge between
the tool and the workpiece, penetrating the interface with a speed exceeding
that required even for high speed machining and also alters the chip flow
conditions [Mazurkiewicz 1989] The penetration of the high energy jetinto the
tool-chip interface reducas the temperature gradient and elminates the seizure
gffect, offering an adequate lubrication at the tool-ghip interface with a

significant reduction in friction [Ezugwu 2004].

The heat generated by the cutting speeds of today's advanced tooling
can actually prevent low-pressure flood coolant from entering the cutting zone.
The majority of the cooling and lubricating aspects of a flood coolant stream are
lost as the coolant is vaporized prior to entering the cutting zone [Frederick
Mason 2001]. It is the great problem for machining, HPC play well role to
minimize this type of problem. Frederick Mason j2001] found better solution
from it and he states that HPC systems generates high velocity coolant streams
moving at several hundred mph. This high-speed coolant easily penetrates the
vapor barrier to effectively lubricate and cool the tool. In fact, when machinists
apply high-pressure coolant to a lengstanding process, which has always
produced dark blue chips, they are oflen amazed that the same or even higher

speeds and feeds produce shiny, silver chips that are cool ta the touch.

Heat from the drill may also work harden or "heat treat” the workpiece in
the vicinity of the hole. Friction from the drill heats the waorkpiece, and when

coolant finally reaches the heated material, the coolant quenches it. On the
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subseguent peck, the drill encounters the hardened material, causing excessive
tool wear or a broken tool and damaged parl. The high pressure of the coolant
breaks up chips and forces them up the flutes and out of the hole. Cycle times
go down. because the pecking process is eliminated while spindle speeds and

fmed rates can be increased. With higher fead rates, chips tend to form befier

The need for high pressure and high volume coolant in drilling became
apparent when gun drills came into use over 100 years ago. The essence of the
problem {then and now) with standard low pressure coolant systems is that so
much heat is produced that the coolant boils away before it can reach the chip-
tool interface where metal is actually cut. The super heated steam forms a
bamer that low-pressure coolant cannot penetrate, Effective cooling does not
ocour and there is little real lubrication provided. Unfortunately, the vapor barier
that forms is not powerful enough to keep chips from falling back into the chip-
toal interface and causing damage. Properly applied high pressure and high
volume coolant prevents this vapor barrier from forming by causing a localized
pressure increase. So much liquid is forced into the cutting zone that heat 1s
removed and no vapor can form because of the pressurization. When
machinists tried high-pressure coolant on standard drlling operations, they
found that the benefits of increasing coolant pressure improved the
performance of these operations as well. Properly applied high-pressure, high-
volume coolant prevents the formation of a vapor barrier by causing a localized
nressure increase. This force ligud into the cutting zone, removing heat,

providing lubrication, and flushing chips away from the cut. Damage from heat
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and chips is eliminated, and tools can cut until ihez.r waar out. High-pressure
coolant discourages chip welding, prevents the damaging chemical reactions
that may aceur at hugh temperatures, and allows drills to |ast longer [Gregory
1999]

High-pressure coolant also provides lubricity by blasting lubricating fluid
between the chip and the cutting edge at hundreds of miles per hour. Combined
with much tower temperature, this ingreased lubricity often causes surface
finishes to be twice as good. With conventional coolant, the cutting edge comes
up to a very high temperature as it enters the cut, and stays hot until it finishes
the cut and is exposed to an exiremea thermal shock as the coolant quenches

the exposed toal.

Coolant 1s suppesed to cool and lubricate but it can onty perform these
functions at the point of chip formation if the coolant actually reaches the cutting
zone. When coolant is turned to steam or otherwise fails to reach the target, it
does not perform its two essential functions. High-pressure is often the sohution
to getting the coolant to the target so it can cool, lubricate, and sometimes
perform its third function-breaking chips that do not break neatly with ordinary
machining processes [Frederick Mason 2001). Frederick Mason [2001] slates
that high-pressure coolant reduces ar eliminates the random tool failure from
chip damage, resuling in much improved consistency of the machining
process.

Cutting fluids have the dual tasks of cooling the cutting surface and

flashing chip. In some cperations such as drilling, for example, cutting fluid is
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important to remove the chips from inside the holes, thus preventing drill
breakage [Klocke 1997 and Derlinger 1999]. They also help to control cutting-
face temperature and this can prolong tocl life, improve cut quality, and
positively inflitence part finish. it has the benefit of a power full stream that can
reach onta the cutling area, provides strong chip removal and in some cases,
enough pressure to deburr [Robert 2004]. Possibility of controlling high cutting
temperature in high production machining by some alternative method has
heen reported. High-pressure cootant injection technique not only provided
reduction in cutting forces and temperature but atso reduced the consumption
of cutting fluid by 50% [Robert 2004]. Mazurkiewicz et al. [1998] reported that a
coolant applied at the cutting zone through a high-pressure jet nozzle could
reduce the contact length and coefficient of friction at chip-tool interface and

thus could reduce cutting forces and increase tool life to some extent,

1.2.4 Summary of the review

A review of the literature on machinability of different commercial steel
highlights the immense potential of the control of machining temperature and its
detrimental effecls It is realized that the machining temperature has a critical
influence on chip redustion coefficient, cutting forces, tool wear and tool life, Al
these responses are very mporlent in deciding the overall performance of the
too! At the elevated temperature, the cuting tools mey undergo plastic
deformation and attain rapid tool wear because by adhesive, abrasive, chemical
and diffusion wear at the flanks and the crater. The dimensional accuracy and

surface integrity of the workpiece alsa deteriorate due to high temperature. The
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conventional cutting fluids are not that effective in high speed machining
particularly 1n continuous cutting of materials likes steels. Furher, the
conventional cutting fluids are not environment friendly. The disposal of the
cutting fluids often leads to local water poliution and soil contamination.

Recycling and reuse of conventional cutting fluids are further problems.

Enarmaus efforts are, therefore, being made from the viewpoint of cost,
technological and ecological issites to reduce or elimnate the use of cutling
fluid or lubricant in metal cutting. In this context, high-pressure coolant, which
uses a high-pressured spray of cooling medium like soluble and vegetable oils,
appears to be a promising technigue for effective cooling without the problems

assaciated with conventional cutting fluid applicetions
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1.3 Objectives of the Present Work

It is revealed from the aforesaid literature survey that the cutling
temperature, which is the cause of several problems restraining praductivity,
quality and hence machining ecanomy, can be controlied by the application of
high-pressure coolant jet. The growing demands for high MRR, precision and
effective machining of exctic materials is restrained mainty by the high cutting
termperature. The objectives of the present investigation, keeping in view the
overall improvement in productivity and quality in machining steel by the
industrialty used uncoated carbide inserl at different speeds and feed rates

combinations, are

..\..I‘-
{a) Experimental investigation of high-pressure coolant jet in respects of
cutting force

i. average chip-tool interface temperature

(b Develop a mathematical model for cutting force and cutting temperature

distribution from the characterization of the physical processes.

" {¢) Validation of Developed mathematical model.
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1.4  QOrganization of the Thesis

The thesis i1s suhdivided into five chapters including this one. The

chapters are organized in the following way.

Chapier 2 describes the experimental procedure of the present work
and the method to achieve the desired result. The cutting parameters were set
from two sets of cutting velocity (V.= 23 mimin and 133 m/min), feed rate {S¢=
0.1 mmirev & 0.14 mm/irev) and two different cutting condition {dry & high-

pressure cooclant condition) combination.

A mathematical modeling of cutting zone temperature along with
numerical evaluation of chip-tool-work piece interface by using FEM has been
performed in Chapter 3. Also cutting force modeling has been developed and

validity test has been carried out for both the temperature and force modeling.

Chapter 4 narrates the discussion on results that have been found
through experiment |t depicts the deviation from the measured value of
average cutting temperature and culting force with the predicted results. Also
the improvement of cutting temperature and force due to high-pressure coolant

condition has been represented in this chapter.

In Chepter & concluding remarks of the present high-pressure coalant

condition along with the developed mathematical model are presented.
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Chapter-Z

Experimental Investigations

2.1  Experimental Procedure and Conditions

The concept of high-pressure coolant presents itself as a possible
solution for high speed machining in achieving sfow tool wear while maintaining
cutling forces/power at reascnable fevels, if the high pressure cooling
parameters can be strategically tuned. It has the benefits of a powerful stream
that can reach the cutting area, it provides strong chip removal, and in some
cases, enough pressure to deburr. High-pressure coolant injection technique
not only provided reduction in cutling forces and temperature but also reduced
the consumption of cutting fluid. The aim of the present work is primariiy to
explore and evaluate the role of high-pressure coolant on machinability
charactenstics of commonly used tool-work combination mainly in terms of
cutling temperature and chip-forms, which govern productivity, produclt quality

and overall economy:,

The machining tests have been carried out by straight turning of
medium carbon steel on a lathe (10 hp: Chinal by standard uncoated carbide

inserf at different cutting velocities {V;) and feeds (5,) and constant depth of cut



(tyunder dry and high pressure coolant conditions. The expenmental conditions

have been given in Table-2.1.

Efiectiveness of cocling and the related benefits depend on how closely
the high pressure coolant jet can reach the chip-tool and the work-tool
inferdaces where, apart from the primary shear zoneg, heat is generated. The
too! geometry is reasanably expected to play significant role on such cooling
eflecliveness. Keeping this view tool configuration namely SNMG-120408 has
heen underlaken for the present investigation. The inserl was clamped in a

FSBNR-2525 M12 type tool holder.

Tahle-2.1 Experimental conditions
Machine tool : Lathe Machine (China) 10hp
Work material : Medium carbon steel {p176 X 580 mm}

Cutting tool {insert) T

SHNIM 120403

Cutting insert : Uncoated Carbide, {P-30 grade), Sandvick
Tool holder : PSENR 2525M12(ISO specification)
Working tool : Inclination angle . -B°
geometry Orlhogonal rake angle : -6

o

Qrdhogonal clearance angle 6
Auxiliary cutting edge angle  : 15°
Principal cutting edge angle  : 75°
Mose radius 0. Bmm
Process parameters
Cutting velocity, Vo $ 83, 133, 186 and 266 m/min

Feed rate, S0 :0.10, 0.14, 0.18 and 0.22 mmirev
Depth of cut, t :1.0mm
High-pressure coolant  : 80 bar, Coolant: 6.0 Ifmin through external
nozzle
Environments : Dry and High-pressure ¢oolant
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The positioning of the nozzle tip with respect to the cutting inser has
been settled after a number of triafs. The final arrangement made and used has
been shown in Fig.2 1. The high-pressure coolant jet s directed along the
auxiliary cutting edge at an angle 30° to reach at the principal flank and partially
under the flowing chips through the in-built groove paraliel to the cutting edges.

The photographic view of the experimental set-up is shown in Fig.2.2.
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injecting coolant during machining

3



The ranges of V. and S, have besh chosen based on the tool
manufacturers recommendation and industrial practice for machining the steel
by the carbides undertaken. The depth of cut was kept constant to only 1.0 mm,
which would adequately serve the present purpese since it has much less
significant role on the machining characteristics excepting the magnitude of the
cutting forces, which simply increase proportionally with the increase in depth of
cut. The machining responses have been monitored and studied using

sophisticated and reliable equipment and techniques as far as possible,

In the present research waork, the average cutling tem-perature has been
measured by standard toolwork thermocouple technique. The tool-work
thermocouple was calibrated before use The output from the thermocouple
was in mV unit, which was then converled to the corresponding temperature

from the calibration data.

The magnitude of the cutting force is a majar index of machinability,
which govems preductivity, preduct quality and overall economy in machining.
The cutting forces increase almost proporionally with the increase in chip load
and shear strength of the work material. Apart from chip load and strength of
the work materal there are some other factors which also govern magnitude of
the cutting forces. However, attempt should always be made to minimise the
magnitude of the cutting forces without sacrificing MRR and product quality. In
the present work, the magnitude of main cutting force (Pz) has been manitored

by a dynamometer {Kistler) for all the combinations of cutting velocities, feed
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rates and environments underiaken. The dynamometer shows the direct vaiue
of P, the mamn cutting force in Newlon (N} to its output device with data
collection rate 8 pulses per second And these data were stored in computer

through a computter interface from dynamometer.

2.2 Experimental Results

2.2.1 Cutting Temperature

The machining temperature at the cutting zone is an important index of
machinability and needs to be controlled as far as possible. Cutting temperature
increases with the increase in specific energy consumption and material
removal rate Such high cutting temperature adversely affects, direclly and
indirectly, chip formation, cutling forces, tool life and dimensional accuracy and
surface integrity of the products. Therefore, application of high-pressure coolant
jetis e xpecled to improve upon the aforesaid machinability ¢ haractenstics
which play vital role on prodoctivity, product quality and overall economy in

machining particularly when the cutting temperature is very high.

In the present work, the average chip-tool intertace temperature has
bean measured effectively under both dry and high-pressure coolant conditions
very reliably throughout the expernmental domain by tool-work thermocc;uple
technigue. The effect of high-pressure coolant on cutting temperature under

different WV, and 5, have been graphically shown in Fig 2 3
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Fig.2.3 Variation in chip tool interface temperature with V. at

different 5, under dry and high-pressure coolant conditions

In the present work, the average chip-tool inteface temperature could
be effectively measured under dry machining very reliably throughout the
experimental domain However, the distribution of temperature within the toal,
work and chip cannot be determined efeclively using experimental technigues.
This necessitated dewvelopment of finite element model of machining
termperature, its validation using present expenmental result and finally
determining complete temparature distribution in the toel, work and chip under
both dry and high-pressure coclant conditions. The approach, procedurs and
results of this computational evaluation of machining temperatures have been

separately presented in the next chapter (Chapter-3}.
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2.2.2 Cutting Forces

Cutting forces are generally resolved into components in mutual
perpendicular directions for convenience of measurement, analysis, estimation
of power consumption and for design of Machine-Fixture-Tool-Work systems. In
turning by single point taol like insert, the single cutting force generated 1s
resolved into three components namely, tangential force or main cutting force,
Ps axial force or feed foree, Py and transverse force, Py as has been indicated

in Fig.2 4 Each of those interrelated forces has got specific significance.
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Fig.2.4 Components of cutting force acting on turning tool
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Fig.2.5 Variation in main cutting force, Pz with cuting velocity under

dry and high-pressure coolant conditions

In the present work, the magnitude of main cutting force, P; and feed
force, Py have been monitored by dynamometer for all combinations of cutting
velocities, feed rates and environments underlaken. The effect of high-pressure
coolant on Pz and P, at different V¢ and S, under both dry and high-pressure
coolant conditions have been graphically shown in Fig.2.5 and Fig.2.6

respectively.
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Chapter-3

Modeling nf Cutting Temperature
and Farce

3.1  Numerical Evaluation of Cutting Temperature

311 Temperature Modeling in Work-Tool-Chip Domain

Earlier researchers [Hahn 1951, Loewenand Shaw 1954 and
Weiner 1955] used Jeager's model of moving heat scurces and block
parliion principle to estimate average temperature at the shear plane and at
the chip-tool interface However, these models could not take inte account

vanation in thermal properties of work and toal material with temperature, the

elasto-plastic nature of chip-tool interaction, work-tool interaction at the wear

AT

land 1n flank etc. The aforesaid short comings of analytical approach were
overcome [Tay et al. 1974] by using finite & lemant modeling of machining
temperature The refinement of the FEM models took place over the years
[Tay et al. 1976, Stevenson et al. 1983, Muraka et al. 1979, Strenskovski
and Kyung-jin 1990, Ostafiev and Noschenko 1985 and Kagiwada and
Kananuchi 1988] with increasing reliability. Three dimensional FEM models
are margmally accurate than two dimensional models, but are complex to

develop and require more computational efforf [Tay et al. 1978, Stevenson



et al. 1983, Muraka et al. 1979, Strenskovski and Kyung-jin 1590,

Ostafiev and Noschenko 1985 and Kagiwada and Kananuchi 1988]

In machining, where the ¢hip thickness is much smaller than the chip
width, the problem is reduced to a two-dimensional steady-state heat transfer
with appropriate boundary conditions {Tay et al. 1974, Stevenson et al.
1983, Muraka et al. 1979 and Strenskovski and Kyung-jin 1950]. For the
present work, & two dimensional model has been developed far
computational evaluation of temperature distribution in the chip and tool for
which lhe heat developed at the auxiliary flank has been neglectad. In
mat;rimng, heat is generated primarily in three different zones, namely
primary shear zone, chip-tool interface and wear land on the principal flank.
The mass and heat transporl are governed by formation and separation of
the chip, cuthing velocity, chip velocity and heat conduction and convection,
Being a two dimensional madel the temperature distribution is calculated on
the crthogonal plane and control volume includes the three regions; one is
the workpiece moving at the cutting velocity, the second 1s the chip moving at

the bulk chip velocity and the third one is the tool which 1s.stationary The

basic equation to be solved for the temperatures of this domain is of the type.

=

. oT o7y (& &7
e () [uEﬂEJ-un[ T ]-Q (3.1)
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where p is the mass density, ¢, is the specific heat, & is the thermal

conduclivity, Q is the internal heat generation rate, « & v represent the

velocity componeants in the » and 3 directions and ¥'is the temperature

The workpiece, chip and insert domain are discretised into
appropriate elements for the steady-state heat transfer analysis using finite
element methodolagy. The problem domain 15 defined with three types of
material Starling from the shear plane, in the downstream direction, the
whole length of the chip is treated as one type of material, the workpiece is
treated as second type of material and the inserl is treated as third type of
material. This facilitates the specification of diferent mass flow rates. The
velocity of flow of the chip has been assumed to be uniform through out,
which 1s used to specify the mass flow rate in the chip region. The mass flow
rate in the workpiece region 15 specified using the cutling velacity. These
conditions would make the solution procedure simulate the thermal
phenomenan in the cutting process more or less close to the actual cutting
conditions with specified assumptions. The velocity boundary condition is

shown in Fig.3.1.
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Fig.3.1  Problem regions showing thermal boundary conditions

For all the cases, the mesh size was 0.05mm the shear plane BA
and the chip-contact length BD in Fig 3.2 were divided into 10 elements and
the wear land BC was divided into 4 elements. Since the chip-contact length
varied with the cutting speed and feed, the element size for all the cases

were nat same.
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The dimensions of the parl of the workpiece are so selected that the
far boundaries are almost neglgibly affected by the sources of heat. A

gonstant gradient condition is imposed on these boundaries.

The length of the chip on the down stream side, from the point of
separation from the shear plane has been taken to be equal to 12 mm. At
such a distance from the frictional heat source, the temperature in the chip
are found to stabilize in the flow direction. Thus, a zero thermal gradient
condition has been specified at the outlet boundary of the chip. All the
surfaces exposed to air are assumed to be insulated as the heat loss through

these surfaces is negligibly small.
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In the domain of the cuting 1nsert, some surfaces will conduct the

heat irto the tool holder A constant temperature {200°C) boundary condition

has been imposed at all the nodes on these surfaces [Dhar et al. 2000].

In dry machiming candition, the thermal boundary condition as shown
In Fig.3.1 can be categarized into three distinct groups, namely St where
the temperature is known to be ambient temperature (40°C}), ST, where the

temperature s assumed to be a constant T, and Sp, which is assumed to be

thermally insulated. T is set to 200°C for dry cuting., A zero temperature

gradient {%:o and %T::a } is imposed on LM and HI respectively.
[ty

Therefore, the following applies to the classification of thermal boundary

conditions for dry machining.

i 5 el JK
i 8§ eEF,FG (3.2}
iii. 8, e KA, ALMD, DE.GC,CH

Under high-pressure coolant condition, the boundary as shown in

Fig.3.1 can be categorized into four distinct groups, namely 81, , where the

temperature is known to be ambient temperature {(406C), ST, where the
temperature 1s known to be a constant Ty (T should be set to the cutting
oll temperature 40°C for high-pressure cooling}, Sy, which can be assumed
to be thermally insulated and Sp, which is assumed to be convective heat

transfer boundary by introducing cooling heat-transfer coefficients (0.02

4%
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wimm2) with temperature 400C into the boundary conditions. The
convective heat transfer coeflicient has been calculated assuming the flow of
cutling ol over a flat plate maintained at a paricular temperature
[Nashchokin 1979)]. The thermo-fluidic properties of the cutling oil has been
taken from a handbook [Barran 1985] The heat fluxes for AB, BD, and BC
(shear plane, chip-too! contact length and flank wear land} are given by the
determined heat-generation rates along AB, BD, and B C respectively. The
thermal boundary conditions of the solution region under high-pressure

cooling condition are thus,

i85, el JK

i S;efF PG

ni. 8 eGOCH

e S, e KA AL LM MDD DE

(3.3}

Furthermore, by merging the boundaries of the tool and workpiece on
the chip-tool interfece BD and tool-work interface BC, it is implicitly assumed
that the tool rake and the chip face are subjected to the same temperature in
that area. This is justified by the fact that high normal contact stress on the

chip-tool interface produces anly negligible thermal resistance.

Table-3.1 Thermal properlies of the work materials [Rothman 1988]

Wark material | Mass density, | Thermal conduclivity, | Specific heat, Cp
p (Kaimm<} k (W/mm-K) (JIKg-K)

Medium carbon 7 9x10-06 k=0.052-1.9X105 T [cp=420+066 T
steel

The variation of work material properiies with temperature for

diferent work materials have been considered in the present model
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[Rothman 1988] The mass density, thermal conduclivity and specific heat of
the work material used in the analysis are given in Table-3.1. It was

assumed that within an element, ¥ and Cp were constant at values

corresponding to the average temperature at the centroid of the element. As
a consequence of this temperature dependence, it was necessary to perform
the caiculations iteratively. The thermal properly of the tool materia! was

taken to be temperature independent as given in Table-3 2.

Table-3.2 Thermal properlies of tool materials [Rothman 1988]
Tool material Mass density, | Thermal conductivity, | Specific heat, cp
(Kgmm=) k {(W/mm-K) (JKg-K)
[SNIM 120408 12 % 10-06 0.047 251.00

T3

The knowledge of the normal and tangential stress distributions on
the tool rake face is essential for caiculation of thermal load &t the chip-tool
interlace. The magnitude and distribution of the frictional forces involved in a
cutting process largely controls the temperature distribution over the rake

surface
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Fig.3.3 Stress distribution along the chip-toel and work-tool interface.

Previous investgations suggested that [Kato et al. 1972, Barrow et
al. 1982, Chen and Pun 1988 and Childs et al. 1989] both the normal
siress and the tangential stress remained uniform up to the plastic contact
porlion of the chip-tool contact area and then linearly decreased till the chip
contact length to zero, as shown in Fig.3.3. Though there has been some
differerice of opinion regarding the apportionment of plastic to elastic contact
length, in this work, the plastic contact length is considered as 60% of the

total contact length [Stephenson and Agaplou 1997]

Under actual machining conditions, the tool never remains perfectly
sharp and a small wear land usually exists on the flank surface. Considering
such a wear land would always make the analysis represent conditions that
are more realistic. Thus wear land of length of 0.2 mm [Singamneni 1993]

has been taken to represent such realistic machining conditions in all the
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cases studied in this work. Based on the éxperimental results reported
[Stevenson et al. 1983] earlier, the frichonal force on the wear land 15
assumed as 20 N and the normal force as 40 N. A triangular distribution is

assumed for these forces over the wear land as shown in Fig.3.3.

The chip velocity at the vicinity of the rake surface is usually less

than the bulk chip velocity, Vf due to drag force generated by the secondary

shear. The best approximation of such drag is to assume the velocity at the
. v, . : . . -
tool tip to be ?'and then increasing to Vi with uniform acceleration within

half the contact length [Tay et al. 1974]. However, in the present analysis,
such effect has been neglected and the chip velocity has been taken to be

uniform through the chip contact length.

Experimental determination of chip-tool contact length is often
difficult. It may be assumed to be equal to a constant multiple of either the
chip thickness [Kato et al. 1972] or praduct of the chip thickness and tool-
chip friction coefficient [Bhattacharyya 1984]. Conventionally, the chip-tool

contact length G, for given rake angle and feed becomes almost

proportional to &, as

C, =a, 1+ tan( 7~} (3.4)

where, fis the shear angle.



In machining, the major portion of the deformation energy gets
converled inta heat and a smalt portion remain frozen in the strained chips.
The percentage of such frozen energy gradually decreases with the increase
i cutting velocity. Hence, 1t may be assumed that the entire work done
during the deformation process gets converled into heat [Shaw 1984].
Further, in the present wark exothermic oxidation of the chips has also been
neglected. Therefore, for the present analysis, the totai heat generation, Q

and the heat generation at the rake surface, Qf per unit tme have been

evaluated as,

U=PV and Q, =F ¥, (3 5%
Where. F1 is the total frictional force on the rake surlace which could be
determined from the known vaiues of the tangential force Pz and the axial

force Py by expenmental force measurement.

The rate of heat generated in the shear zone Qg is therefore,
0, =0-t (3.6}
Qg 1s essumed to be uniformly distributed over AB {Fig.3.1} both

under dry and high-pressure cooling condition [Ding and Hong 1998] and
specified over a strip of nodes along the shear plane. The total heat

generated per unit time, Qy due to friction at the flank wear land has been

evaluated from,
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Q,=".", (3.7)
where, Fo is the total frictional force at the wear land. The distribunien of rate
of heat generation at the chip-tool interface, Qs and wear land, Qy follow the

shear stress distribution pattern as shown in Fig.3.3 and they are applied

over BO and BC (Fig.3.1) respectively.

Unlike the previous approaches using apporlionment coefficient for
calculeting thermal loads on the cutling tool and analysis of only the tool
[Kagiwada and Kananuchi 1988, Bhattacharyya 1984 and Lo Casto et al.
1989), the present analysis uses an integrated approach with a control
volume consisting of work, tool and chip. The MSC NASTRAN/PATRAN

software is used for implementing the madel.

3.1.2 Results of Cutting Temperature Analysis

The comrelation between the average chip-tool interface temperature
ohtaned directly by measurement and that ohtained by finite element
analysis under dry machining heve been depicted in Fig.3.4 The estimated
values of average chip-tool interfface temperaiure appeared to be higher than
the measured values expeciedly for ignoring the part of the cutling e nergy
that remains frozen m the chips as strain energy Such dewviation has

increased with the decrease m the energy level ie. V_ and S when

percentage of the residual strain energy in the chips increased.
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Fig.3.4 Comparison of measured and predicted average chip-tool
interface temperature attained in dry machining
The finite element analysis provided distribution of temperature
assuming steady state heat transferin the workpiece, chip and tool Such
analyses have been carned out for all the combinations of workmaterial-tcol-
V-5, e nvironment undertaken Fig 3 5to Fig.3.8 are typically s howing the
ternperature distribution 10 case of machining the medium carbon steel under

dry and high-pressure cooling condition respectively by SNMM insers.
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3.2 Mathematical Modeling of Cutting Force

The knowledge of cutting forces is a prerequisite to cutting
temperature estimation, surface finish evaluatian, tool Ife prediction, cutling
process planning, and chaiter analysis, etc. The mechanics of machining
processes and the pradiction of cuting forces have been extensively
analyzed and modeled for decades by many researchers. Althcugh a
nurmber of studies have been documented in the field, these models are not
suited for high-pressure coolant condition without considenng the effects of
lubricating and cooling resulting from the small amount of cutting fluid
transmitted to the cutling zone In order to support the planning, optimization,
and control of high-pressure coolant machining process, itis necessary to
establish a set of predictive thermo-mechanical models for estimating the
cutting forces as functions of high-pressure jet parameters and cutting

condificns,

Force modeling in metal cutting is imporlant for thermal analysis, tool
ife estimation. chatter prediction, and taol condition monitoring purposes.
Significant efforts have been devoted te understanding the force profiles in
metal cutting. Along with a laborious experimental approach, several
numercal and analytical approaches have been praposed to model the chip
formation forces and the associated cutiing forces Finite element method
{(FEM) has been appled to simulate machining process since the early
1970’s [Klamecki 1973]. After that time, FEM with different derivatives has

received widespread attention in the numerical modeling of machining
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pracesses [Wang et al. 1988, Ng et al. 1939] Although some successes
have been gamed in modeling the chip formation farces in metal cutting by
FEM, it is not yet ready to be applied due to the fact that it is laborious and

not very easily extended to practical 3-0 turning cases.

Analytical models have been favored for the modeling of forces in
metal cutling because they are easy to implement and can give much more
insight about the physical behavier in metal cutling. To model the chip
formation forces in metal cutting, two fundamental approaches have been
extensively researched. minimum energy principle [Merchant 1945, Lee and
Shaffer 1951] and slip line field theory [Oxley 1989]. The former assumes
that the plestic deformation occurred uniformly in the shear plane only so that
the cutting enargy can be calculated from the shear strain and stress at the
shear plane. Minimizing this energy with respect to the shear angle yields the
direction of the shear plane principle [Merchant 1945, Lee and Shaffer
1951]. Unfortunately, the solutions did not take into account factors such as
flow stress varying with temperature, strain, and strain rate. Alternatively, by
using plasticty theory for the plane stran case, slip line fields are
constructed around the primary shear zone from expenments, and elso by
considering the effects of strain, strain rate and temperature on the flow
stress a parallel-sided shear zone approach, which was presented by Oxley
[Oxley 1989]. Mumerous researchers have applied or modified these two

approaches to model the force profiles atlerwards in metal cuting.



Force difference 1s observed when using the same type of tools, but
with different thermal properies. For example, under the same cutling
condifion there is force difference between using high and low CBN content
togls, which are commonly used in turning hard steels. Unforlunately, among
the documented approaches, the effect of tool thermal properly on cutting
forces hes not been addressed analylically. It is genéraﬂy recognhized that
low CBN content tools have longer life than those of high CBN content tools
in hard turning. Several mechanisms ere discussed for this phenomenon
[Konig et al. 1993, Barry and Byrne 2001). Unfortunately, very few efforl
has heen made to determine the High pressure Coolant effect on the force
distribution of chip formation process, although the stress and temperature
distributions are considered the main factors in determining tool wear rate.
Better analylical understanding of the effect of tool thermal properly on chip
formation process can help to improve the modeling of tool wear rate in

turning operation.

In a recent study, it was shown that most documented studies on
high pressure coolant machining were empirical and qualitative [Liang and
Sutherland 2002] In this chapter, an analylical approach is laken to
quantitetively madel the cutting forces in high pressure coolant machining by
including the caoling and |ubricating effects in the Oxley's force mode!. The
analysis is further expanded to use the obtained flow stress, cantact length,
and shear angle to predict the cutling forces due to teol flank wear based on

Waldorf's model, considering that shear angle and chip thickness do not vary



significantly with too! wear [Boothroyd and Knight 1989]. The cutting forces
can be calculated as the summation of the forces atiributed to the sharp tool
and the forces attributed to the tool flank wear [Waldorf 1996, Smithey and

Kapoor 2001].

The objective of this chapter is to estimate the cutting forces for high-
pressure cooalant machining under either sharp or worn tool conditions. Here
instead of using empirical equations in estimating temperature of primary and
secondary shear zones, modification to Oxley's predictive machining theory
[Oxley 19889] 1s attempted by analylically describing the primary and

secondary heat source behaviors.

The lubricant is applied 1o the tool rake surface with a pressure of 70
bar through the nozzle placed over the tool insert. Based on the physics of
the high pressure coalant machining, modifications are made for Oxley's
model [Oxley 1989] for sharp toofs and for Waldor's medel [Waldorf 19946)
far warn tools. First. the friction angle describing the ratio of tangential to
normal forces at the tool-chip interface is calculated based on the boundary
lubrication model presented by Kato et al. [1998]. The resulting friction angle
15 then used tn Oxley's model for considering the lubricating e flect in high
pressure coatant machining. The predicled shear angle and flow stresses are
then used in Waldorf's model for force prediction under the effect of tool flank

Wwedr
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3.21 Force Modeling in 2-D Metal Cutting

The assumptions used herein to simplify the modeling of melal cutting are.

1} Cutting process is arthngonal
i No heat loss along the primaryisecondary heat zones
! Uniform normal stress/shear stress distributions along all the tool-

chip interface

iv) Preheating effect is negligible.

W} The machining variables or set up variables, such as cutting speed,
feed rate, depth of cut are centroflable and can be set up 1IN advance.

wi} The tool geometry like nose radius, rake angle, side cutting edge
angle, cutting edge angle, clearance angle ete depend an the tool to
be chosen.

vii} Workpiece and their mechanical properfies is a ssumed u nchanged

duning the operation

The cutting forces with the use of warn tools can be calculated by
summing up the cutting forces attributed to the effect of the sharp tool and
those attributed to the effect of the tool flank wear land [Waldorf 1996]. This
section will discuss the methodology for finding the forces due to tool flank
wear, The forces in the thrust force diraction P, and in the cutting forca
direction P; can be calculated by integrating the normal flank stress and the
shear flank stress respeclively [Waldorf 1996, Smithey and Kapoor 2001].
The forces due to tool flank wear are depicted in Fig.2.4. Therefore, the

cuthing forces due to tool flank wear are given by
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In order to estimate the cutting forges, the normal stress and the
shear stress have to be found first. Waldorf {1896] proposed polynomial-
shaped distributions for both the normal and s hear stresses. Those stress
distnbutions are also afiecled by chip tool contact length, ¢ and length of the
sticking contact region, cp

Consideration of frictional behavior in the metal cutting has led to the
model of orthogonal cutting with a continuous chip and no built-up edge as
shown in Fig.2.4. Here the normal stress between the chip and the tool are
sufficiently high to cause AJA; to approach unity over the region of length cp,
adjacent to the tool cutting edge, termed the sticking region. In the length cy-
¢p, extending from the end of the sticking region to the point where the chip
ioses contacl with the tool, the ratio AJdA, is less then unity. This region has

been termed as sliding region [Zorev 1863]
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Previous investigations suggested that iKato et al. 1872, Barrow et
al. 1982, Chen and Pun 1988 and Childs et al. 1989] both the normal
stress and the tangential stress remained uniform up to° the plastic contact
porlion of the chip-tool contact area and then linearly decreased fill the chip
contacl length to zero, as shown in Fig 2 4. Though there has been some
difference of apinion regarding the apporlionment of plastic to elastic contact
length, in this work, the plastic contact length is considered as 60% of the

total contact length [Stephensan and Agapiou 1997]

In the sticking region, the shear stress become maximum Tg¢ and
from ¥ = ¢n-Cp to ¥ = Cp,

T, =T,
At the point x = cy-ce  the normal stress is the function of oy and cp,

which become

oo Y
T, :ﬁn,luJ and therefore
e,

Where the flow stresses o, and 1, are obtained from the modified Oxley's

force modeling for sharp tools. The reguired information, such as shear
angle, for the Wardolf's model [1996] can be also ohiained from the modified

QOxley’s machining theory [1989].
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Chapter-4

Discussion on Results

4.1 Cutting Temperature

The machining temperature at the cutting zone is an imporlant index of
machinability and needs to be controlled as far as possible. Cutting temperature
increases with the increase in specific energy consumption and material
removal rate (MRR). Such high cutling temperature adversely affects, directly
and indirectly, chip formation, cutling forces, tool life and dimensicnal accuracy
and surlace integrity of the products. Therefore, application of high pressure
coolant is expected to improve upon the aforesaid machinability characteristics
which play vital role on productivity, product quality and overall economy in
addition to environment-friendliness in machining paricularly when the cutting

temperature 1s very high.

Tool-work thermocouple technique is as such simple and reliable but
limited to measurement of average cutting temperature and only dry machining

when cutting fluids do not hamper measurement. Hence, finite element



modeliing has been essential for evaluation of cutting temperature under HPC
and also far precisely determining the distribution of temperature in the cutling
zone under any condition. But the modelling essentially need to be capable of

predict temperature distribution reasonably accurately and reliably.

Fig.3.4 shows that the values of the average chip-tool interface
termperature, predicted by the used model are in adeguately close agreement
with their measured values. The deviations may be attributed mainly to the
assumption that the entire cuting energy is converled into heat. Aciually, a
small fraction of the cutting energy remains frozen in the chips as residual strain
and its percentage decreases with the increase in the level of the culling
temperature due to increase in cutling velocity {V.) and feed (S,). As there is no
analytical model available for the same, In the present finite element medel this
strain energy has been neglected. Possibility of incorporation of this residual

strain could have improved the accuracy of the FE model.

However, the deviaiions between the predicted and the measured
temperatures within the domain of the present study, excepting at few points,
have been within around 0-20%, which is reasonably acceptable from
engineering point of view [Ding and Hong 1898]. The pattern of temperature
distribution at the cutling zone attained by the present FE model for dry
machining are also matching with the carresponding results reporl}ad earlier

[Ding and Hong 1998, Muraka et al. 1979, Stevenson et al. 1983,
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Strenskovski and Kyung-jin 1990 and Tay et al. 1974]. Therefore, the
presently used model could be considered reasonably accurate and valid for
evaluation of cutting temperature.

The figures from Fig.3.5 to Fig.3.9 are showing that the pattern of
estimated temperature distribution in the chip, tool and work have been quite
similar in both dry and HPC but the later has resulted in much lesser value of
temperature. Under both the machining environments, maximum temperature
appeared at the chip-tool interface expectedly due to intensive sliding friction at
higher speed. The temperature gradually increased along the rake surface from
the cuiting edge, attained maximum value and then again gradually diminished
towards and away from the point of disengagement of the chips from the tool
surface. This has been more or less true for all the work materials, inserts and
cutting cenditions undertaken. In machining ductile metals like steels, the chip
first receives some heat at the shear plane (thin zone} due to primary
deformation. The chip gets furlher heated due 1o intensive rubbing while shding
along the plastic chip-tool contact zone where stresses and friction are high.
Heat addition and hence chip temperature staris decreasing from the elastic
contact zone where stresses gradually decrease and ambient air or cutting fluid
if any, is dragged in by capillary effect, Due to high-pressure coolant condition
the temperature at the chip-tool interface decreased sizeably though in different

degree for different tool-work combinations, V. and S..
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Alsc Fig.3.5 to Fig.3.9 demonstrate that under high-pressure condition
maximum temperature zone shifted form the tool ftip with respect to dry
condition, which is obviously favorable. Again, the maximum temperature zone
shifted from tool to chip region, which 1s complementary for any machining. The
study also shows that the Chip-reduction co-efficient decreases in high-pressure
coolant condition in respect with dry condition. And as a consequence the chip-

too! contact length, Cy decreases and so as the cufting temperature and force.

It clearly apparent from the figures showing computed temperature
distributions, that compared to chip-tool interface temperature, the shear zone
temperature has all along been much less with average value around 350°C
and this temperature level has not changed much expectedly, due to application
of High pressure jets which were impinged in narrow streams primarily targeting
the chip-tool and work-tool contact sutrfaces and aiming minimum bulk cooling

and wastage of coolant,

4.2 Cutting Forces

It is already mentioned in the previous chapters that the magnitude of
the cutling force is a major index of machinability which governs productivity,
product quality and overall economy in maghining. The cutting forces increase
almost proportionally with the increase in chip load {t x So) and shear strength of

the work material. Aparl from chip load and strength of the work material there
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are some other factors which also govern magnitude of the cutling forces.
However, attempt should always be made 1o minimise the magnitude of the

cutting forces without sacrificing MRR and praduct quality.

In general, the proposed model shows good estimation for the main
cutling forces. In this study, although the predicted cutling forces have
comparable errors with respect to the experimental data, the differences
between the forces for dry and HPC cases are similar for both the predicted
cutting forces and measured data. Fig.3.9 shows that the values of the
measured main cutting force (P,}, and main cutling force predicled by the used
model are in adequately close agreement with their measured values. However,
the deviations between the predicted and the measured main cutting force
within the domain of the present study, excepting at few points, have been
within around 5-15%, which is reasonably acceptable from engineering point of
view [Ding and Hong 1898]. The similar dissemblance of about 10% - 20%
between cutling forces for dry and HPC machining was also observed by
Rahman et. al. [2001] when cutting ASSAB 718H steel with a Sumitomo Electric

Carbide 20 mm diameter single-tooth end mill.

For high-pressure coolant machining, the combination of the lubricating
and cooling effects on machining medium carbon steel with uncoated carbide
results in lower culting forces in all directions. Since the cutling temperatures

are higher in dry machining than those in high-pressure coolant machining, the
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cutling forces should be less under dry machining due to the material scftening
effect when only the cooling e flect is considered. Thus, itis inferred that the
lubricating mechanism has a stronger effect on cutting forces than the cooling

mechanism when cutling medium carbon steel with uncoated carbide tools.

In additon to the lubricating and coaling effects, the temperature
dependent material properties may play an important part in the cutting forces.
The high cutting temperatures are usually observed in the cutling zone. As
shown in the Fig.3 4, the predicted tool-chip interface temperatures can be as
high as about 700 °C. The high temperature would affect the material properlies
such as vyield stress, conductivity, elastic modulus and so on. The thermal
softening of the material causes lower cutting forces in dry cutting than those in
high-pressure coolant condition. This explains the overestimation of cutling
forces in some cases in force predictions. Another temperature dependent
property of materials is phase transfarmation. The high cutting temperature as
predicted in the study may cause phase transformation of carbon steels. When
the matenal phase transformation happens, these materia! properlies should be
reconsidered. They should be treated as different materials than the bulk
materials. The change of the cutting forces due to the material phase
transformation c¢an be calculated according to the developed force model with

the suitable material properties of the phase transformed materials.
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Chapter-3

Conclusion

. The present investigation shows that the patlem of estimated
temperature distribution in the chip, tool and work have been quite
gimilar in both dry and high-pressure coolant but the later has
enabled reduclion in average chip-tool interface temperature upio
16%. Such reduction has been more eflective for those tool-work
combinations and cutting conditions, which provided higher value of
chip reduclion coefficient for adverse chip-tool interaction causing

large friction and built-up edge formation at the chip-tool interface.

. Under both the machining environments, maximum temperature
appeared at the chip-tool interface expectedly due to intensive
slidhng friction at higher speed. The present investigation aizo shows
that under hugh-pressure coolant conditon maximum temperature
Zzone shifted form the tool tip and from togl to chip region, which is

complementary for any machining.



The study alsa shaws that the chip-reduction co-efficient decreases
in high-pressure coolant condition 1n respect with dry condition. And
as a consequence the chip-lool contact length, CH decreases and so
as the cutting force. High-pressure coolant cooling reduced the

cutting forces by up to 30% of main cutting force,

The values of the average chip-tool interface temperature, predicted
by the used model are in adequately close agreement with their

1

measured value, with an average deviation of 12%.

The devialions between the predicted main cutting forces by the
developed modet and the measured main cutting force within the
domain of the present study, excepting at few points, have heen

within around 109%.

Hence high-pressure coolant cutting, if properly employed, can
enable signficant improvement in both productivity and product
guality and hence overall machining economy even after covering

the additional cost of high-pressure coolant cutting system
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