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Abstract

Advanced materials like nickel and titanium hav&ua combinations such as low thermal conductivitgh chemical reactivity

and hardness. All of these properties are desirablbe useds suitable lubricant and proper cooling technidoe increasing

tool life, decreasing cutting temperature and impng surface roughness. This paper presents aalitee review done on gas-
based coolant-lubricants (CLs) which used in threnfeither gas or cooled-pressured gases. Investigaif previous researches
with different approaches which have been used achining operation that effect on cutting temperajuool wear and surface
roughness. As a result, gas-based coolant-lubred@Ls) has been determined as one of the mosibsiitooling process for
machining cutting operation in terms of improvemiaenbol life and surface roughness. Furthermohgs type of cooling process

is considered as one of environmentally conscicashining.

Index Terms: Gas-based coolant—lubricants (CL)keli and titanium alloys, tool wear, surface rougbs and integrity, green

machining.

kK%,

1. INTODUCTION

In aerospace industry, the materials mostly usednaikel
and titanium and their alloys, offer unique comtiva of
properties like high strength at elevated tempeesatu
resistance to chemical degradation, and wear agsist[1].
These materials are referred to as difficult-to-since they
pose a greater challenge to machining processds asic
turning, milling and drilling due to the high teematures
and stresses generated during machining [2]. Ther po
thermal conductivity of these materials result ihet
concentration of high temperatures at the tool wiste and
tool-chip interfaces, consequently acceleratingl twear,
also their poor thermal properties also preventmfro
producing good surface results at elevated temresdue
to deformation and friction induced heat and mitrtaural
changes. The use of cutting fluid for cooling anbrication

in machining nickel and titanium and their alloys i
generally advised to dissipate the heat generatethgd
machining, thus reducing tool wear and improving tbol
life [3]. However, applications of conventional tng fluids

in industry create several health and environmental
problems, particularly in regard to their degraoiatiand
ultimate disposal is a major problem [4]. On thieesthand ,
the environmental and health hazards associateu tivé
use of these fluids together with developing gowental
regulations have resulted in increasing machinogi<[5].
New approaches for reducing cutting fluids appiaratin
machining processes are to use gas-based CLs ar tod
dissipate the generated heat at the cutting zodeeahance
the machinability through the changes in cutting
tool/workpiece material properties. The gas-baseds C
include: compressing, cooling and liquefying such a
compressed chilled air, compressed chilled gasedigquid

nitrogen (LN). These approaches present an innovative
method of cooling the cutting tool or/and part dgri
machining. Main gas-based CLs are air, nitrogegomr
helium or carbon dioxide. They might be used in
conjunction with traditional cutting fluids in thferm of
mist or droplets to enhance their lubrication calgli5].
Gaseous cooling appears very attractive when théngu
fluid penetration problem is considered. such agomyr
helium and nitrogen are sometimes used to prevent
oxidation of the workpiece and the chips [5, 6]ctyogenic
cooling used with extremely low temperatures toiegh
process cooling. The best known cryogens are liquid
hydrogen (boiling point: 20.268 K = -252.882 °Cuid
nitrogen (boiling point: 77.35 K = 195.80 °C), liguoxygen
(boiling point: 90.18 K = -182.97 °C) and dry ic€Csnow
(sublimation point 194.5 K = -78.5 °C). Liquidtrtigen
(often referred to by the abbreviation, §)Ns the most
commonly used element in cryogenics. This is dughéar
good availability and relatively safe and easy Hiagd[5,

7]. Therefore, using LNin machining operations could be
determined as enabling substantial improvemenoah life

and surface finish-dimensional accuracy throughucgdn

in tool wear through control of machining temperatu
desirably at the cutting zone [8].

2. NICKEL —BASED ALLOYS

Nickel based alloys are known as some of the mifstudt-
to-machine super alloys in order to satisfy proaurctand
quality requirement. They are the most complex loé t
superalloys and are used in the hottest parts rofadi
engines, constituting over 50% of the engine weighiey
provide higher strength to weight ratio comparedsteel
which is denser. Other applications include power
generation turbine components, as well as in pe&mical,
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food processing, nuclear reactor, and pollution trdn
equipment. The use of these alloys in such aggeessi
environments hinges on the fact that it maintainghh
resistance to corrosion, mechanical and thermagu@at
mechanical and thermal shock, creep and erosielegated
temperatures. These properties are required foeffieent
and effective service performance of the domaingfiich
the alloys are used [9-12]. Nickel-base alloys damn
strengthened by two methods: through solid solution
strengthening or by being hardened through intealinet
compound precipitation in FCC matrix. (Alloys suels
Inconel 625 and Hastelloy X are solid solution istthened,
may get additional strengthening from carbide
precipitation). Alloys such as Inconel 718, howevare
precipitation strengthened. A third class of nickake
superalloys, typified by MA-754, is strengthened by
dispersion of inert particles such as yttria,@¥), and in
some cases withy' (gamma prime) precipitation (MA-
6000E). these alloys are available in both castvarmdight
forms. Highly alloyed compositions, such as Rene 95
Udimet 720, and IN100, are produced by powder rhetpt
followed by forging. For the above wrought alloysdacast
alloys (Rene 80 and Mar-M- 247), the strengthemiggnt is

v' precipitate. For Inconel 718, (gamma double prime) is
the primary strengthening agent. Alloys that cantai
niobium, titanium, and aluminum, such as Incones,7&e
strengthened by botfi andy" precipitates. The nickel based
alloys contain at least 50% nickel and are charaetg by
the high phase stability of the FCC austenitic ifyatrix.
Many nickel based alloys contain 10-20% chromium,ta
about 8% aluminum and titanium combined, 5-15% ttpba
and small amounts of boron, zirconium, hafnium eaxbon
[9]. Chemical compositions of most common nickesduh
alloys are listed in Table 1. It is reported thatkel-based
alloys compose over half of the materials used hia t
aerospace industry, and aero engines utilize INfiaterial
greatly [11].

3. TITANIUM ALLOYS

Titanium and its alloys are attractive materials ntany
engineering fieldssuch as aerospgcéecause of their
superior mechanical and physical properties suchhigh
strength to weight ratio, high vyield stress which i
maintained at elevated temperature and their exoegt
resistance to corrosion. They are also being used
increasingly in other industrial and commercial laggions,
such as petroleum refining, chemical processinggical
implantation, pulp and paper, pollution control,clear
waste storage, food processing, electrochemicalu@ing
cathodic protection and extractive metallurgy) andrine
applications [5]. Titanium alloys are classifiedtainfour
main groups namely, neara, o/f and p, based on the
composition and the resultant room temperaturetitaasat
phases [10-13].

3.1a Alloys

The a alloys contain predominantly phase at temperatures
up to well above 540 °C, these alloys possess lextel

tensile properties and creep stability at room elalated
temperatures up to 300 °G-alloys are used chiefly for
corrosion resistance and cryogenic applications.

3.2a-p Alloys

a-B Alloys contain one or more of theandp stabilizers.
These alloys retain mofeafter final heat treatment than the
neara alloys and can be strengthened by solution trgatin
and aging, although they are generally used imatireealed
condition, e.g. Ti 6-4 (Ti- 6Al-4V) and Ti-6-6-2 (-BAI-
2Sn). Ti 6-4 alloy is the most common comprisingub
45% to 60% of the total titanium production , indae heat-
treated to high strength levels and hence are nséaly for
high-strength applications at elevated temperatunesto
about 350 °C.

3.3p Alloys

B Alloys have mores-stabilizer content and lessstabilizer
than a-B alloys. These alloys contain significant quarditie
of B-stabilisers and are characterised by high hardiyab
improved forgeability and cold formability, as welé high
density, e.g.Ti-3V-11Cr-3Al (Ti-10-2-3) and Ti-3A8V-
6Cr-4Mo-4Zr , (Ti-10-2-3) is finding increasing uge the
aerospace frame industry due to the growing remergs
for high strength at lower temperatures.

3.4 Neara titanium alloy

These alloys contain-stabilisers (Al, Sn) in aiddit to
minor B-stabilisers (Mo and V) . At room temperature the
microstructure is chatacterised mainly dphase with little
B-phase. These alloys mainly used at operating teatyre
between 400 and 520 °C, e.g. Ti-8Al-1Mo-1V (Ti-81(&)
near a alloy) which is used for compressor blades and
wheels and Ti-6Al-2,7Sn-4Zr-0,4M0-0,45Si (Ti-110@a
neara alloy) which is the most creep resistant of aflrtium
alloys .

Table 1. Chemical composition of most common nickel-based alloys [12]

Alloys Chemical composition(%)
Ni Cr Co Fe Mo W Nb C Mn  Si Al Ti
Iconel 718 525 190 1.0 190 3.0 0.04 04 09 09 09
Inconel 706 42.0 16.0 40.0 0.03 02 03 04 1.8
Inconel 625 62.0 21.0 5.0 9.0 06 0.04 0.5 05 04 04
Hastelloy S 67.0 16.0 3.0 150 002 05 04
Hastelloy X 47.0 220 1.5 18.0 9.0 0.10 1.0 05
Nimonic < <
PK33 559 18.0 140 05 7.0 0.05 03 03 21 22
Udimet 720 56.0 16.0 147 3.0 1.3 25 50
Waspaloy 58.0 19.0 135 08 45 007 01 01 14 3.0
4. MACHINABILITY OF NICKEL-BASED
ALLOYS

Possible reasons for making nickel-based alloyfcdlf-to-

cut are listed below [11, 12, 14, 15]:

1) Austenitic matrix, and like stainless steelsrkvbarden
rapidly during machining; 2) Localization of shearthe

chip produces abrasive saw-toothed edges which make
swarf handling difficult; 3) Tendency to weld withe tool
material at the high temperature generated duriaghining
which deteiorates machined surfaces as well asenorg
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componenets integrity; 4) The tendency to form aEBU
during machining and the presence of hard abrasiva@des
in their microstructure also deters machinabilig); The
high strength of nickel-base superalloys at cutting
temperatures causes high cutting forces, generaies heat
at the tool tip (compared to alloy steel machinjnghd
limits their speed capability; 6) The high capadiy work
hardening in nickel-base alloys causes depth-ofiotthing
on the tool, which can lead to burr formation ore th
workpiece;7)Low thermal diffusivity, leading to lalisation
of temperatures(more than 1000 °C) at the tooltopsuase
high thermal gradient.

5. MACHINABILITY OF TITANIUM ALLOYS

Poor machinability of titanium alloys due to thaiherent
characteristics, which lists as following [10-18, 17]:

1) In machining and grinding of titanium alloys, thei
surface is easily damaged during machining anddagrin
operations due to their poor machinability, damage
appearing in the form of microcracks, built-up edglastic
deformation, heat-affected zones, and tensile wesid
stresses; 2Yhe high work-hardening tendency of titanium
alloys can also contribute to the high cutting ésrcand
temperatures that may lead to depth-of-cut notcHa)ighe
low modulus of elasticity of titanium alloys waged as the
main cause of chatter during machining, as titani@ihects
nearly twice as much as carbon steel with the great
springback behind the cutting edge resulting inmarire
flank wear, vibration, and higher cutting temperatu
4) Low heat conductivity of titanium, which advdsse
affects tool life, and the ease of damaging thaniitm
surface;5) Chemically reactive leading to a tendency for
welding to the tool, chipping, and premature fagt@) High
dynamic shear strenght during cutting process, ltiegu
localisation of shear stress and the productiomlofisive
saw-tooth edges which encourages notching of guttinls

7) Titanium's chip is very thin with consequentlyn a
unusually small contact area with the, which causigh
stresses on the tip of the tool. The combinatiora aimall
contact area and the low thermal conductivity rssal very
high cutting temperatures.

6. GASES AND CHILLED AIR

Gas-based CLs generally refers to the substanedsath
room temperature are in gas form, however in maogin
applications they are used in the form of eithels ga
compressing, cooling and liquefying fluids. Mainsdaased
CLs are: air, oxygen, nitrogen, argon and carbaxide,
physical properties of these gags as shown in Tablehe
gas-based CLs might be used in conjunction wittiticnal
cutting fluids in the form of mist or droplets tal@ance their
lubrication capability Cooling action in gas-cooled
machining is mainly through convection. The heansfer
by the gas jet can be controlled by controlling fkeé
velocity. Gases also provide inert atmosphere and
lubrication. Air-chilled/cooled systems are a spécase of
gas-cooled systems. Air is a natural resource taisd-éadily
available everywhere. The only processes requinedir-

cooling system are to compress, dry, and dischdrgeair
with a set pressure.

Table 2. Physical properties of industrial gases which used in machining applications [24]
Boiling point Gas Phase Properties Liquid Phase Properties
@101.325kpa @0°C&101.325kpa @B.p.7 @101.325 kpa
Substance Latent Heat Specific Specifie .. Specific Specific
Temp. of s Heat Density . Heat
B T Gravity 5 Gravity .
Vaporization Cp Cp
°C KIKg A=l Kjkg°C KI/m3 Water=1 Kjkg°C
Air -194.3 205.0 1 1.01 1.2929 0.873 1.865
ngge“ -18296 2130 113 09191 1429 114 1,669
“\”f\?ge“ -1958 199.1 09737 104 12506 0808 2.042
o _185 0
Aﬁ‘“ 1859 162.3 139 0523 17837 140 1.078
Carbon

dioxide -78.5 5713 1.539 0.85
CO,

1.9769 L18

Cooling media of this technique is air, it coulel defined as
the cleanest and most environmentally friendly roétiof
cooling in cutting operations [19]. There have beery few
publications examining the effect of gas applicatim
machining operations [6, 20]. There are many apyres: to
cool air or gases such as: Liquid nitrogen evajpmmat
refrigeration, vapor-compression refrigeration, ahaitic
expansion refrigeration and vortex tube refrigera{21]. In
approach which used chilled /cooled and compreasefdr
cooling in machining operations have been attemptade
researchers [21-28]. Y. Set al [21, 25] developedew
cooling gas equipment, Fig.1 shows the schemadigrdim,
which consisting of vapor-compression refrigerataystem
and semiconductor refrigeration system. A main fiamcof
vapor-compression refrigeration system in this exystto
reduce the temperature of water in order to enhdhee
efficiency of semiconductor refrigeration, the yatworks
as: 1)When a thermopile is supplied with directrent; its
heat energy is transferred from one side to andtider due
to Peltier effect of semiconductor materials. 2JdCwater
that flows through the upper and lower heat abserbe
carries away the heat at the hot side of the thpilmoThus,
the wall of the cooler may remain at extreme low
temperature by close contact with the cold sidethsf
thermopile. 3- After the compressed gas passesidhrthe
heat exchanger, it enters the cooler and is cobledieat
exchange with the wall of the cooler. 4- Coolechpoessed
gas will be jetted to the cutting zone at a cerpa@ssure.

Where: 1) water container, (2) vapor compressidnigaration

system, (3) water pump, (4)compressor, (5) figg),drier, (7) heat

exchanger, (8) control box, (9) semiconductor gefration system,

(10) thermopile,(11) heat absorber,(12) cooler,) (1@v meter,

(14) pressure gauge, (15) nozzle.

Fig-1: Schematic diagram of the new cooling gas equipment
[21, 25]
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Y. Su et al [21] investigated with this approach on tool
wear, surface finish and chip shape in finish tugniof
Inconel 718 nickel-base super alloy and high-spe#lihg,
under different cooling/lubrication conditions, .i.ery
cutting, minimal quantity lubrication (MQL), coolinair and
cooling air + minimal quantity lubrication (CAMQLY.hey
concluded at cutting speed of 76 m/min that appléd
cooling air and CAMQL in finish turning of Incon&118
was improved tool life 78% and 124% over dry cugttin
respectively. Chilled air as coolant in machiniegulted in
longer tool life. The effect of chilled air on tearface finish
is highly dependent on the machining parametergeheral
it could be claimed that air cooling produces lowarface
roughness than dry cutting [21, 22]. Another apphotor
produced cooled air is by vortex tube [19, 29]..Eighows
schematic of vortex tube. This tube consists ofialet hole
and two outlet holes, compressed air enters taradigno a
cylindrical chamber from inlet hole, the valve whits on
the hot stream end adjusts cool air temperaturé, aito
temperature vortex tube exit temperatures and rflass
rates can be adjust for cooling capacity requirdmen

Nozzle

Diaphragm
Hot Air

Cold Ai Control Valve
old Air

Fig-2: Schematic of vortex tube [19, 32]

One end of the cylinder is closed by a diaphragnickwh
permits the escape of air only from the centralamegThe
other end allows the flow of axial portion of the. &he air
entering through the central diaphragm shows a ceiu
temperature, while the air escaping through thesrotimd
shows a temperature increase. The application séggas
cutting fluids goes back to 1930s [19], such usddin,
Oxygen, Argon and carbon dioxidhese gases have been
used in machining, instead of cutting fluids to venet
oxidation of the workpiece and the chips, Thereehbgen
very few publications examining the effect of gas
application in machining operation®xygen plays a very
important role in creating oxides on the tool scefeand
freshly cut work material surfaces. These oxides ttie
right places on the rake face" reduce friction tow wear.
Also it is able to penetrate for only a short dise e.g.,
0.25 mm from the outer edge of the chip at 49 m/min
cutting steel [19, 20] Nitrogen is lighter than air and can be
dispersed into the atmosphere. Nitrogen in air $lay
important role in reducing oxidation of the tool @vhcutting
steel and other metals at high speeds [20]. Nitraged the
inert characteristics of argon prevent the formatiof
surface films, allowing the chip to slide smoothalpng the
rake surface of the cutting tool [3@arbon dioxide can be
particularly effective in reducing crater wear oarkide
tools when machining titanium alloys, Inconels asttier

difficult to machine materials [31]CO, at high pressure is
supplied through a hole in the tool and allowedetoerge

from small channels under the tool tip as clospaasible to

the cutting edge. The expansion of the ,C@wers the

temperature, and the tool close to the jet is kepdw 0 °C

[20].

6.1 Advantages of chilled air and gases

1- Gaseous coolants are also beneficial when ligoaants
cannot be applied, such as heavy duty cutting tiomdi
because conventional cooling techniques fail teepate the
chip-tool interface. 2- Nitrogen and Argon provide inert
environment which hcould prevent the cutting tooida
machined surface from oxidation at high cutting
temperatures, 3- Thermal energy transferred to the
workpiece reduced by using compressed air andechdir
as compared to dry cutting, 4- Gaseous are relgtoleaner
and more environmentally friendly. 5- Cold airmikind of
pressuring fluid; its flow should affect the brokeyxanner of
cutting chip. This is very important to finishingaghining
process, 6- Chilled air cooling in machining woirtprove
machinability of hard-to-cut materials, and doesvjte
safe-to-use coolafit9, 20, 32, 33].

6.2 Disadvantages of chilled air and gases

1) Chilled air and gases More expensive alternatien
cutting fluids which require additional equipmenthich
normally are not provided with machine too; 2) Gase
chilled air cannot circulate in the machine toadl dinus they

are not reusable in the system as they vaporizer aft
application; 3) C@ as coolant there is a requirement for
ventilation over the machining zone. This is dughe fact
that CQ is heavier than air and accumulates at the shop
floor increasing the risk of oxygen depletid®, 20].

7. CRYOGENIC COOLING

Cryogenic term studies and use materials at vemy lo
temperatures, below -150 °C. However, normal bgilin
points of permanent gases such as shown in tabioe
applications of cryogenics in industry such as thedtozen
food, electronics, manufacturing, automotive ancbsgace
particularly for cooling purposes [34]. In cryogeni
machining a super cold medium, usually liquefiedega is
directed into the cutting zone in order to reduee d¢utting
zone temperature and cool down the tool and/or piede
[26, 29]. Common cryogenic coolants used in macigni
operations are liquid nitrogen (LN liquid carbon dioxide
(LCO,), solid carbon dioxide (dry ice), liquid heliumdair
(usually temperatures above -50°C). Liquid nitrogerihe
most commonly used element in cryogenics. It idpoed
industrially by fractional distillation of liquidiaand is often
referred to by the abbreviation, LNNitrogen melts at -
210.01 °C and boils at -198.79 °C, it is the mdsiralant
gas, in fact, 78% of the air we breathe is nitrodéns a
colorless, odorless, tasteless, safe, non-comieistdnd
noncorrosive [34]. These characteristics of lignittogen
have made it as a preferred coolant [11]. The diguirogen
in a cryogenic machining system quickly evaporeaes
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returns to the atmosphere, leaving no residue néacainate
the workpiece, chips, machine tool, or operatonisth
eliminating disposal costs [35]. Cryogenic machgninas
been explored since the 1950’s. It is usually aquamed
with changes in the properties of the workpiece/@nd
cutting tool materials, as a result of lowering the
temperature, it could increase the strength andnesss, and
lower the elongation percentage and fracture toeghrof
materials. In machining difficult-to-machine magdrsuch
as titanium and nickel based alloys by used crymgen
cooling will decrease tool wear due to very low pemature
at workepice/cutting tool interface [36]. Cryogenic
machining may classify into four approaches aofud:

7.1 Cryogenic pre-cooling the workpiece

Also known as cryogenic cooling of work-piece arfdpc
The main objective of this approach is to change t
material properties of the workpiece in order tdhamce
machinability [8, 37]. This approach may classifytoi
methods, one cryogenic path which workpiece is lisua
submerged in a cryogen and other cryogenic sprag T
cryogenic is sprayed onto the workpiece by usingzieo
over the cutting point just before the tool condaeith the
cutting point [38-40]. Pre-cooling the workpiece dan
enclosing the workpiece in a cryogenic bath arepnattical

in the production line and negatively increase théing
force and the abrasion to the tool [4Tfuesdaleand Shin
[42], used insulated 4.7 mm diameter copper pipe with
nozzle to spray LNon Udimet 720 nickel-based alloy just
before the milling tool such that the area to bewithout
effecting the coated carbide tool. The insulatiaaswsed to
ensure the LBl temperature retained until it delivered to
cutting place. Ding and Hong [43] developed crydge
delivered system as shown in Fig. 3.,liNas applied to
external workpiece surface before cutting proceastesl.
The nozzle in that system moving lift and right foninly
while the workpiece rotated. The thermocouple wseduo
senses temperatures on the external and interrfalceuto
give cutting process start when temperatures obethe
surface same with LNtemperature. Lhflow rate was set
more than 0.32 gallon/minute to maintained workpiec
temperature at -196 °C throughout the cutting pssce
Another cooling system was developed by Hong ¢44jl.
LN, was sprayed to cutting edge by nozzle which ipsha
size and position were selected so that the jeNcovers the
chip arc. The flow of that LNwas oriented parallel to the
axial line of the curved chip faces as shown in Bign this
system LN was sprayed to chip faces to improve the chip
breakability. Ahmed et al. [40] modified standardolt
holder by two design. In first design the gas isedied
towards the tool cutting edge, to cool the newlypagated
chips, whereas design two the discharging gas rescteid
away from the work piece, the evaporated gas wesysgd
onto the chips to increase the chips embrittlematgo
keeping the cutting tool inserts at very low tenapere and
improves wear resistance.

K-TYPE THERMOCOUPLES

WORKPIECE

\7 \LN2 NOZILE/DISTRIBUTOR
I

NSULATION JACKET
Fig-3: Cryogenic workepice pre-cooling [43]

Insulation jack /

LN2 pipe

Nozzle

Chipbreaker

Chip arc

Tool insert

Fig-4: LN, sprayed to chip face [44]

7.2 Indirect cooling

In this approach cutting tool was cooled thoughtithe
conduction from a LBlchamber which located under cutting
tool insert. The cryogenic coolant is deliverecatohamber
designed under or beneath cutting insert , thesetbe
cryogenic will absorbed the generated at cuttingiezo
through conduction and evaporation , after that the
evaporated cryogenic is then released to atmosphene
another hole which instilled in tool holder. By &pphis
approach in machining the performance will improved
because the LN freeze the cutting tool without direct
contact between the LLNind the workpiece and cutting tool,
also negative effect of cooling the workpiece sumh
material strength and hardness will be eliminatenvever,
the effect of this approach depend on thermal cotindty
cutting tool material and insert thickness [8, 36jand and
Rajurkar [37] designed a liquid nitrogen circulatisystem
to keep the tool temperatures at a lower raBgachezt al.
[45] developed a system based on a toolholdetuiming
processes with internal cooling using a coolantf(ir-123)
with liquid-gas phase change, flowing in a loopcuit.
Fig.5. lllustrate the schematic of the tool holdgévhen
coolant was evaporation allows an efficient heathexge,
thus an improvement in the removal heat at cuttinge.
This refrigeration system is easy to fabricate aghend safe
to environment, also it is closed system that does
consume coolant fluid.
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Fig-5: lllustrate the schematic of the tool holder [45]

7.3 Spraying and jet cooling

This approach widely used by many researchers. The
objective in this approach of cryogenic coolantsctl
cutting zone or the too/chip area, thus heat géeemuring
cutting process will dissipated , therefore enkearice
cutting tool properties. There are two methodspry she
cryogenic in to cutting zone using an external f@zand
modifying tool holder or cutting insert. consumptiof LN,
is high in this approach and thus production castid be
high by spraying this coolant to cutting zone inciriaing
operation [8, 37]. Fig. 6 . lllustrates the j Nelivery nozzle
assembly for turning operations was developed bgpgHel
al. [46]. The nozzle allow the cryogenic coolart te the
tool rake face or to the flank face, or simultarsdpuo both.
The chipbreaker helps to lift the formed chip fréme tool
rake face so that the LNjet can reach the tool—chip
interface. The volumetric LNflow rate was 0.625 |/min for
rake cooling 0.53 I/min for flank cooling and 0.8/1in for
both rake and flank cooling. They found The moftaive
cooling deliver the liquid to the rake face tham thank
face. Matteo et al. [47] used Commercial tooldkg
designed for internal lubrication (MIRCONA PCLNL 2%
EB) The tool holder has two injection nozzles fotthrake
and flank cooling.

LN2 pDQl LN2 inlet

supply head with

flank channel ~_ secondary nozzle

chipbreaker with

primary nozzle

tool insert

Fig-6: lllustrates the Lh delivery nozzle assembly [47].

Dhananchezian et al. [48], was modified cutting tosert
(ISO K10 CNMG 120408 MP1- KC5010) for cryogenic
cooling. A hole of diameter 2 mm at the rake faite,
connected with main and auxiliary flank surface esol

diameter 1 mm as shown in Fig.7. All these holesewe
made by EDM, main and auxiliary allowed a small amto
of LN, will reach major and cutting edges of the cuttiog|
insert. The evaporated gas from main flank surfade will
prevent excessive cooling of workpeice. Dhar et[4Q]
and aVenugopal et al. [50] used external nozzles td it
along the main and auxiliary cutting edge. ,Lj§t nozzles
are along main cutting edge to protect the rakéasarand
principle flank and the other along the auxilianitmg edge
used to protect tool nose auxiliary flank to enabédter
surface finish and dimension accurakymilling operation,
Dhokia et al. [51],designed an external jet system into
cutting zone during end milling operations by cdesing
the relative movement of the cutting tool with respto the
workepice. The aim of this jet cooling is to reduites
temperature at the cutting and alter the frictioatenal
hardness as a result of ultra —low temperature.

LN; jet
Rake surface

Principal flank surface
Auxiliary flank surface

Fig-7: Schematic modified cutting insert with three
holes[48]

For cryogenic cooling of the grinding zone, Li ét[&2] ,
designed a jet of liquid nitrogen system to deljvgrinding
medium from a suitable distance of 50 mm and aofjlis°.
This cooling approach remove the BUE problem on the
tools because the chips welding to the tool redumedold
temperature. Also LN cannot be circulated inside the
machine like conventional cooling fluids, becaushl,L
evaporated to atmosphere. This approach, optirizatif
the flow rate and application pressure of liquitragen is
important in order to get continuous flow of liquiitrogen
without over-cooling of the workpiece [35].

7.4 Cryogenic treatment

This approach similar to heat treatment is the g@sscof
deep-freezing materials at cryogenic temperatuimpsove
the mechanical and physical properties of thattéka
materials. Whereas, cryogenic treatment of cuttows to
increase wear resistance and hardness therefdreagtool
consumption and down time for machine tool setupe T
whole process takes between 36 to 74 hours depgogion
the type and weight of material under treatmentesally
Cryogenic treatment is classified in to type: Shall
cryogenic treatment, which material is subjecteellad °C
stayed at this temperature for 18-25 hours andugilbd
brought back to the room temperature. Another tysep
cryogenic treatment, which material is subjectedl86 °C
and stayed at this temperature for 24-72 hours and
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gradually brought back to the room temperature [&8]
shown in Fig. 8 .

T T
: a ) IR O O M | L
e e e e e s ity et

150 °C
100 ¢
Room Temp. §om

LUN &

=11 C

=196 "C 1

Time thr)

= Deep eryopenic treatment; == Shallow cryogenic trearment ‘

Fig- 8: cryogenic treatment cycle[53]

Thamizhmanii et al. [54] performed a deep cryogenic
treatment of PVD inserts for milling process asldwk:
inserts is slowly cooled to -196°C and soaked atpde
cryogenic temperature for 20 hours. The insertghen
allowed to return slowly to the ambient temperaturae
complete cryogenic cycle would take up to 25-30rkoGill

et al. [55] studied cryogenic treatment of tungstanbide
under dry condition, which insert being treated eveot
exposed to the LNto eliminate the risk and damage of
thermal shock. The steps of process as followsriapaled
in a container and the temperature was brought SC96\t
each interval, the insets were allowed to stabilize2-h
increments. The temperature was held constant4dra2irs
before the process was reversed. The insert wenglysl
brought to room temperature allowing the materredeit
stabilize. Then the inserts were subject to two peenimg
cycle to relive the stress induced by cryogeniattrent.
This was accomplished by increasing the temperaitati¢
+150 °C and then slowly reducing the temperatuiek ie
room temperature at the rate of 0.5 °C/min. In #iproach,
many researches were investigated cutting toolsel sind
polymer materials.

7.5 Advantages of cryogenic cooling

1) LN, Cleaner and safer, environmentally- friendly ldjui
gases, thus no adverse health effects for persamehe
shop floor; 2) More effective at higher feed rdiecause at
higher feed rate chip thickness is higher, pladgiformation

at the shear zone takes place at a faster rateefdhe
generated more heat; 3) Cryogenic cooling of carlabls
turning machining, notching, abrasion, adhesiond an
diffusion-type wear cab be retarded effectivelyadimg to
remarkable improvement in tool wear; 4) Cryogenic
coolants reduce the coefficient of friction at tmerface
tool-chip over the rake face. Thus, the cuttingcéar
required in cryogenic cooling less than that rezplifor dry
cutting; 5) Improved product quality in machinedrtpa
through the elimination of mechanical and chemical
degradation of machined surface; 6) Enhanced srfac
integrity through controllable microstructural armghase
changes with more favorable dynamic recrystallmatand
corrosion and wear resistance; 7) By controlling Lisl,,
which applied to the chip and tool rake face, idelcan be

enhanced; 8) Micro-temperature manipulation with
cryogenic cooling is the best means of chip coninothe
machining of difficult-to-cut materials such asatitum and
nickel alloys [56-58].

7.6 Disadvantages of cryogenic cooling

1) The cost set-up is high; 2) Frozen action atrtbezle
obstructs the flow of cryogenic coolants; 3) Ovelow the
workepiece, if did not optimized of the flow ratenda
pressure LM Furthermore, this may lead to embrittlement
of the workpiece material [56, 57].

8. EFFECTS OF THE GAS-BASED COOLANT-
LUBRICANTS IN MACHINING PROCESSES

Gas-based coolant-lubricants are used for effeetia fast
removal of heat generated during cutting operatemsg is
used for almost all types of materials with projgsrtanging
from ductile to brittle, and metallic to organiccett has
been shown that Gas-based coolant-lubricants mettod
provide better surface properties on the work-pieséends
tool life, reduces heat effects on work-piece, oedu
dimensional deviations on work-piece, etc. Furtliehas
been shown that Gas-based coolant-lubricants would
increase machinability of hard-to-cut material. ltga
safety and environmental friendliness of using gemcs
have made it attractive for the machining industsylike
conventional emulsion cutting fluids which are widased,
cryogenics such as liquid-nitrogen, dry ice, etcndt create
health or environmental hazards. Unlike the coriveat
cutting fluids, liquid nitrogen is not re-circulatein the
machine tool system. Liquid nitrogen absorbs heaegated
during cutting operation and evaporates as a gasisan
released to the atmosphere, as it does not pothue
environment, or be harmful to people around [38,58.

8.1 The effect of Gas-based coolant-lubricants on
cutting temperatures

In the metal cutting process, the tool performs ¢hting
action by overcoming the shear strength of the piede
material. Temperature at the tool-chip interfackecs$ the
contact phenomena by changing the friction conaio
which in turn affects the shape and location ohbat the
primary and secondary deformation zones. High mgitti
temperatures strongly influence tool wear, toole,lif
workpiece surface integrity, chip formation mecisamiand
contribute to the thermal deformation of the cuftitool,
which is considered, amongst others, as the lasgaste of
error in the machining process. Therefore, by usimgants
is to reduce the cutting temperature through cotiolucBut
at very high cutting temperatures the conventianating
fluids evaporate before reaching the cutting zame fail to
penetrate into the tool/chip interface. Evaporatafnthe
cutting fluids in contact with hot surfaces resuilts the
formation of a hot vapour cushion at the cuttingye@nd
over the hot surfaces which exacerbates the coioduand
further increases the cutting zone temperature.reftie
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Gas-based coolant-lubricants (chilled air/gases and
cryogenic cooling) is an efficient way of maintaigi the
temperature at the cutting interface well belowgbéening
temperature of the cutting tool material [60-63]ighd
cutting temperature is generated at the interfaden high
speed machining Inconel 718, which lowers the gtieand
hardness of the tool material and facilitates therrally
related wears such as adhesion and diffusion 4. low
thermal conductivity of titanium-based alloys caugesat
transfer to the tool that leads to rapid tool detation[16].
In the cooling air cutting of difficult-to-cut maials,
cooling air was jetted to the cutting zone at ahhpgessure
and dissipated the heat produced by the cuttinggss by
means of convection [21]. In machining titanium amickel
alloys, the generation and the consequent increéase
temperature in the cutting process play cruciaégaoh tool
life and machine quality. With LN coolants circulating
through a sealed cap which isolated on the topetutting
insert to reduce cutting temperature. This techmigas no
negative effect on the workpiece and the tempezatim the
tool life and workpiece can be largely decreasaabse
changing the convection condition surrounding tbel.t
Thus increases the useful life of the tool [37]. Swal.[21]
investigated the effect different cooling/lubricati
conditions, i.e. dry cutting, minimal quantity lidation
(MQL), cooling air, and cooling air and minimal auiy
lubrication (CAMQL) finish turning of Inconel 718iakel-
base super alloy, they obtained with CAMQL best tide
,because an addition of a very small amount ofrautbil in
chilled air stream further reduce cutting tempeamatby
reducing the friction at the cutting interface. @ls
evaporation of coolant oil will decreased the augti
temperature. Hong and Ding has studied the effdct o
different approaches: (i) dry cutting; (ii) inditecryogenic
cooling; (iii) emulsion coolant; (iv) cryogenic dowy of
flank face; (v) cryogenic cooling of rake face afd)
simultaneous cryogenic cooling of flank and rakeefa

1200 H H T H H H 1
1 [JMeasured RNJFE at pick-up pos. [[1]FE max.
1000 8 o
cryogenic machinings

5]
J
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»
(=]
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Fig-9: Measured and predicted tool temperature for difier
cooling approaches [21].

During turning of Ti-6Al-4V by cryogenic coolinghey
found that simultaneously applying Lltb the tool rake and
flank can reduce tool temperatures to below 500FigG.9.

Shows different cooling approaches lead to diffecertting
tool temperatures (measured and predicted). Ingenyic jet
cooling with modified cutting tool insert in turmgrof a Ti—
6AlI-4V alloy, the cutting temperature at a cuttveocity

of 97 m/min and feed rate of 0.159 mm/rev was 504fd
192°C for wet machining and cryogenic cooling
respectively. It was observed that in this coolapgproach,
the cutting temperature was reduced by 62% over wet
machining. This is because liquid nitrogen was dliye
applied to the heat generation zones through hobkde in
the cutting tool insert. The liquid nitrogen in tipeesent
method of application enabled the reduction in ¢héing
temperature by 61-66% over wet machining [48].
Therefore, by using cryogenic medium particularly,las a
coolant in different machining operations has betective
method to reduce cutting temperatures.

8.2 The effect of Gas-based coolant-lubricants on

tool wear and tool life

Tool wear is generally considered to be a result of
mechanical (thermodynamic wear, mostly abrasion) an
chemical (thermo-chemical wear, diffusion) intei@cs
between the tool and workpiece. Adhesion means the
recombination generated when the tool and the weckp
material come into contact with distance of atoAlwasive
wear is the damage on a surface, which appearsodtie
motion relative to the surface of either hardereaisigs or
perhaps hard inclusions trapped at the interfacke T
diffusion process involves the heat. In cutting qgss of
Inconel 718, the cutting temperature is very hitje close
contact between the tool-chip and tool-workpieaeviples

an ideal environment for the atoms in the tool makevith

the external diffusion through the tool—chip inseé. For
the carbide tools, Co element is the easiest fagiifn loss,
thus the Co content of carbide tools can deterntire
occurrence of diffusion wear [64]. Many researchese
studied tool mechanisms in machining Inconel 718yal
with different cutting tools , the main results ad¥ith
uncoated carbide tool K20, within the cutting spestge of
45-55 m/min, the dominant wear mechanisms are i@bras
wear, chipping and plastic deformation [65]. Withcoated
tungsten carbide (WC) and coated tools (singlerlaye
(TIAIN) PVD, and triple-layer (TIiCN/A3O4/TiN) CVD)
within the speed range of 50-100m/min, federateeanf
0.075-0.125mm/rev with a constant depth of cut.@56hm,
adhesive wear and abrasive wear are the dominaat we
mechanisms [66]. With the CBN tools, the dominardl t
wear mechanisms are adhesive wear and diffusion eea

to the chemical affinity between the tool materaid
workpiece materials [67]. With the CC670 and CC680
ceramic tools, the dominant wear mechanism leattirthe
flank wear is chemical wear, the depth-of-cut (DO®jch
wear results in the micro-collapse and abrasiver {g3. In
machining titanium alloys, there were some spedfidies

on tool failure modes and wear mechanisms. Notching
flank wear, crater wear, chipping and catastrofdilare are
the prominent failure modes when machining titanium
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alloys, these being caused by a combination of high
temperature, high cutting stresses, the strong aém
reactivity of titanium, the formation process otastrophic
shear (lamellar) chips, etc. Plastic deformatiom akso be a
major contributor to wear mechanisms of other tool
materials when machining titanium alloys, espegiail the
case of high-speed machining, due to the presehbgb
compressive stresses and the development of high
temperatures close to the cutting edge. The mesimanf
attrition acts preferentially on the mixed carbgtains, and
tools containing mixed carbides also wear by diffos
quicker than WC/Co tools because these mixed oesbid
dissolve preferentially in titaniunihe rake and flank wear
of the entire tool materials tested resulted frassalution-
diffusion and attrition when turning titanium alky
Dissolution-diffusion wear predominated on the erdlce’

of all the uncoated cemented carbides and ceraexcept
for sialon, where attrition is the competitive wear
mechanism [13]. Nose wear was the predominant tool
failure mode observed when finish turning InconB8 with
coated carbide inserts. dry cutting, minimal qusnti
lubrication (MQL), cooling air and cooling air withinimal
guantity lubrication (CAMQL) . When end of tooldifwas
considered at 0.2 um nose wear , then cooling mit a
CAMQL, respectively, gave 79% and 124 % improvement
in tool life over dry cutting [21] . In contrastyyogenic
cooling significantly reduced the tool life of theated solid
carbide end mills due to the extent of chipping] [51
Thamizhmanii at al. [54] were studied the toolfpamance
(tool wear) between cryogenic treated and nondrb&VD
inserts by milling process on Inconel 718 materidlhey
found, cryogenic tool inserts formed low flank weand the
crater wear is also low at high cutting speed witih feed
rate than non-treated inserts. Therefore increaset life
with cryogenic treated PVD inserts in machining dnel
718. With nitrogen gas in high-speed milling of6d-4V,

the adhesion between chip and cutting edge waspted,
and the abrasion condition of tool was improved].[@®ol
wear rates when machining titanium alloy Ti-6Al-4\ith
cemented carbide using LN2 and under conventional
cooling at cutting speed of 132 m/min, feed rateOdt
mm/rev and a depth of cut of 1.0 mm showed a fidefo
increase in flank wear for tools subjected to theventional
cooling [37]. Whereas, during the machining of Ril&lV
alloy using uncoated microcrystalline K20 tungstanbide
inserts at 70m/min cutting speed, under Cryogeniming

by LN2 decreased the growth of tool wear verydfiely ,
therefore, enhancing the tool life to 24 min conagiato 7
min under dry machining and 14 min under wet maaokin
Reason reduction in wear is seemingly because tiedsc
of temperature-sensitive wear phenomena such assigih
and adhesion, enabled by direct and indirect cgoliith
the liquid nitrogen jet. But under high velociti@®0 and
117 m/min such benefit will decreased due to improp
penetration of liquid nitrogen in the chip- tooltarface.
Under cryogenic machining condition was observed
flanking of the rake surface just at the end ofdfrater wear
region was observed. This is attributed to highenmal
gradient at the end of the crater contact [70nklear was
reduced by 27-39% in cryogenic jet cooling (withdified

cutting tool inserts over that of wet machining farning
Ti-6Al-4V alloy. This is due to the control of thabrasion
and attrition wear mechanisms through a reductiorthe
cutting zone temperature and less adhesion betleen
chip—tool and work—tool interactions by the appima of
liquid nitrogen at the cutting zones. Thus, Crydageooling
enabled a substantial reduction in the geomettpalfwear
through the control of the tool wear mechanisms].[48
Strano et al. [47] demonstrated that cryogenic duoetling
with two injection nozzles for both rake and flaskable to
increase the tool life by about 40% with respectwet
cutting. Nath et al.[71] have been observed that the
combination of lower pressure (150 psi) air-mixed,®vith

a higher flow rate (20 ml/min) and a larger sprastahce
(35 mm) in machining titanium alloys, produces a
significantly longer tool life and broken chips. &hesults
also reveal that the atomization-based cuttingdfIAiCF
spray system can extend tool life up to 40-50% dhesxd
cooling. Another study conducted bylachai et al. [72],
were compared various cooling techniques in manbimoif
various tempers of-titanium alloy, which consisted of
following: conventional flood emulsion; impingemaesitjet

of CO,-snow at the rake face, the flank face, the raké an
flank faces together; and the combination of the4{&®and
MQL. The main conclusion was: The adhesion wear is
significantly dependent on the cutting speed, whhe
abrasion wear is mainly dependent on the hard ghase
present in the microstructure. Application £$dow cooling
jet at the rake face, cases better suppressiooobfmear as
compared to the flood emulsion . Application of MQL
rake face in conjunction with that of GGnow at flank face

is slightly better than application of GGnow at both faces,
with regard to tool damagén comparison with difference
cooling methods for machininggmma titanium aluminides,
the best out comes were obtained with cryogenichmaw:
liquid nitrogen cooling decreases VB max up to 6ii%6
comparison with conventional lubrication. As shown
Fig.10. The improvement of effective cooling actidue to
the extremely lower temperature of the cooling medi
increases the thermal gradient between cutting zonme
tool, with a higher heat removal and a huge reduatif the
thermal load of the cutting edge [73].

Cutting conditions: v. = 80 m/min, f=0.1 mm, a, =0.25 mm,t.=10 s
Tool Geometry: CNMA 120424, Cutting material: 1SO K10
120

Percentage variations refer to
100 £ corventional flood cooling

=

Tt

-61%

404

201

Maximum flank wear Vg .y (pm)

Conventional

Cryo
MaL

il

Fig-10: Tool wear results after a cutting time=LO s [73]

In hybrid cryogenic machining method such as, stirac
vibration assisted machininflJVC), The tool flank wear
was found to be about 9-14 % of that in the coriveat
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machining method. Therefore, the tool life with tb&/C
method is increased by at least 4-8 times over the
conventional machining method [74].

8.3 The effect of Gas-based coolant-lubricants on

surface integrity/surface roughness

The characteristics which considered as surfacegiity
factors are ,surface roughness, microcracking, ehas
transformations, hardness variations, tears and lalated

to built-up edge formation, residual stress disttitn ,etc.
When critical structural components in aerospaachistry

are machined with the objective to reach high bdity
levels, surface integrity is one of the most refdva
parameters used for evaluating the quality of maexhi
surface. The residual stresses induced by machining
titanium alloys and nickel-based alloys are veitical due

to safety and sustainability concerns. Surface noags is
generated from two components, the ideal or gedenetr
finish and natural finish. While the ideal or gedrwefinish
results from the geometry and kinematic motiontheftool,

the natural finish can result from vibrations, taetar or
built-up edge formation, etc.[1, 36, 75, 76]. Maurface
defects observed during machining titanium- andkelic
based alloys are surface drag, material pull-catiking,
feed marks, adhered material particles, tearintpser chip
layer formation, debris of microchips, surface fing,
deformed grains, surface cavities, slip zones, (apeterial
folded onto the surface), and lay patterns. Inrddtang the
surface roughness, it was found that the high teatpees
occurring during machining of titanium and nickelsied
alloys is the main reason for high surface rougbnegues.
Also, the built-up layer created at the cuttingalt@n might
push the tool from its original route[1]. When manihg
Inconel 718 under the application of cooling airdan
CAMQL, the drastic reduction of surface roughneahies
was attributed to the reduction in tool nose weaten these
two cooling/lubrication conditions [21]. Dhokia et.[51]
presented first studied on the cryogenic CNC nglliof
Inconel 718 nickel based alloy. With PVD TiAIN cedt
solid carbide end mills comparison with dry, cryoige
cooling has resulted in 33% and 40% reduction inaRd
ISO Rz surface roughness of the machined parts as
compared to dry machiningtenda et al. [77] and Pusavec
et al .[75] were presented reew knowledge on surface
integrity in terms or residual stresses, plasticrkywand
hardness in machining of Inconel 718 under cryogeni
conditions and compares this with dry and MQL maicty.
Under cryogenic machining conditions (external
nozzles), the stresses beneath the surface dedrepsto
60%. Cryogenic machining slightly influences theafi
product microstructure (smaller grain size), argliges less
plastic deformation on the machined surface. Rlasti
deformations on the machined surface, in the doeobf
cutting speed, can be recognized just up to 1-2pnedth
the surface in cryogenic machining, while this ptas
deformation zone is thicker and reaches up to 5@
dry and MQL machining. The work hardened sub-serfac
layer was found to have a depth of about 40um, ewail

jet

decreasing trend for this value is observed indase of
cryogenic machining. This means that in case obgeyic
machining a higher hardness on the surface is aethjeand
this hardened layer is thinner than in dry or MQL
machining. In cryogenic treatddVD inserts performed in
maintaining low roughness, because cutting edge weas
disturbed either by wear or by the heat at cutéioge. The
surface roughness was low with cryogenic treatseris in
comparison with non-treated inserts for all cuttsgeeds
[54]. In milling machining Udimet 720 (nickel-based
alloys), the Cryogenic coolant yielded positiveutes by
increasing the maximum cutting velocity from 10 rimrito
120 m/min. Microstructural analysis confirmed thie
smearing and plucking mechanisms are retarded by th
slowing or elimination of the diffusion process J42n
hybrid machining for machining Inconel 718, Fey#i a
al.[74] were used cryogenic cooling (inderict cagli
approach)with  ultrasonic vibration assisted machining
(UVC). They found minimum surface roughness Ra2=
um was achieved with the hybrid method, whereas R& =
um was achieved with the conventional machining meth
for the same cutting condition. Hence, the cuttinglity
with the hybrid method was improved by about 88983
over the conventional machining methaethereas\Wang et
al. [78] were used cryogenic cooling [indirect dogl
approach] with plasma heating. They found 280%
improvement in surface roughness compared with
conventional machiningjtanium with compressed nitrogen
gas, surface finish was found to be greatly impdowéth
nitrogen gas as surface roughness of machine surfas
0.13um in nitrogen gas machining while being Qu48in
conventional machining. therefore cryogenic mactgni
with high pressure nitrogen gas favors high speachining
[79]. For turning Ti—6Al-4V with cemented carbidesert,
when LN, cooling (indirect cryogenic cooling) was applied,
the R value of the alloy surface a after being machirmdaf
length of 108 mm was 1.9 um. When Lbboling was not
applied, theR value of the a workpiece surface after being
machined for a length of 40 mm was 15 pm. Wherdhs ,
surface roughness of Inconel 718 after being machfior
65 mm in length. With L cooling, R was 1.5 pm. When
LN, cooling was not appliedR of the workpiece was 7.8
pum [37]. In jet Cryogenic machining reduced thefate
roughness to a maximum of 39% over wet machining
respectively in turning of the Ti—6Al-4V alloy with
modified cutting tool inserts [48]. In comparisobetween
conventional flood cooling and high pressure luboiant
supply (wet conditions), cryogenic cooling with did
nitrogen, and minimum quantity lubrication (MQIKlocke

et al. [73],were investigated in longitudinal external turning
operations. In terms of surface roughness the Ilbwes
indicates have been achieved with the liquid nirogs a
comparison with other lubrication/cooling technigue
Fig.11. Shows a comparison between the arithmegamm
roughness Rand the maximum roughness profile height R
as a function of lubrication/cooling techniques.
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Cutting conditions: v, = 80 m/min, f = 0.1 mm, a, = 0.25 mm
Tool Geometry: CNMA 120424, Cutting material: IS0 K10 50
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Fig-11: Surface roughness results as a function of
lubrication/cooling techniques [73].

CONCLUSION

When compared with dry cutting and conventionalliogg
for machining titanium and nickel alloys the most
considerable characteristics of the Gas-based wmbola
lubricants application in machining operations doule
determined as enabling substantial improvement:

1) Sustainable  machining safer, and
environmental-friendly method).

2) Productivity is also high, as cryogenic coolisigows
better results at higher feed rates.

3) Increase in tool wear and with reduced cuttiogl t
changeover costs, resulting in higher productivity.

4) Tool life improves dramatically owing to the fahat
cryogen is able to penetrate the chip-tool interfac

5) Improved machined part surface quality/integwith the
absence of mechanical and chemical degradation of
machined surface.

(cleaner,

Further research in chilled air/gases cooling fokel-based
alloys, also cryogenic cooling machining using othe
machining operations such as milling and drillingthw
different tool-work piece materials is essential.
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