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Abstract

Low melting point and material adhesi@ne associated challenges rohgnesium alloy
leading toextremebuilt-up edge (BUE) and builip layer (BUL)formationsduring machining
processDry machining igavourablefor machiningmagnesium alloyHowever, this strategy
inflicts excessive adhe& wearon the cutting toolTherefore, this current work focuses
application of amnnovativecoolingtechniqueknown assubmerged convective cooling (SCC)

for theturning of AZ31 magnesium alloyrior to cutting experiment, a computational fluid
dynamics (CFD) simulation was conducted to evaluate internal structure of cooling module.
Based on the CFD simulatioasmall inlet/outlet diameteof 3 mmsignificantly contributd

to thereduction othetool temperaturgdue tohigh heat transfer coefficient of cooling fluid in

the SCCFrom theexperimentatesultsobtained, it was evidettiat SCCathigh cooling water

flow rate of 130 mL/mireffectively reduced the tool temperatuchip temperature and teol

chip contact lengtly approximately50, 8 and 28%, respectivelfConsequentlyit improved

the surface roughnedsy 37% when comparedavith the dry cuttingcondition Finally, both

BUE and BUL were observed in dry and SCC conditions, but the severity of these wear

mechanisms improved or decreased remarkably under SCC conditions.
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Nomenclature

Ac Cooling aregmnr) a Mass flow rate (kg/s)

Atc Tool-chip contact areémny) Ra Arithmetic averagep(m)

W Depth of cut (mm) Re Reynolds number

BUE Built-up edge SCC Submerged convective cooling

BUL  Built-up layer Y Fluid inlet temperature’C)

CFD Computational fluid dynamics Y Fluid outlet temperaturé)

0 Specific heatapacity (J/kg.K) Y Mean fluid temperatur€C)

(6] Inlet diameter (mm) Y Insert temperatur€C)

d Cavity depth (mm) Y Thermocouple temperatur&l)

f Feed rate (mm/rev) Y Thermal camera temperatu

H Height of cooling module (mm’ (°C)

HPC  High pressure cooling w Fluid inlet velocity (m/s)

Q Convective  heat transfe w Cutting speed (m/min)
coefficient (W/n.K) 5 Density (kg/n)

0 Tool-chip contact length (mm) ‘ Dynamic viscosity (kg/m.s)

MQL  Minimum quantity lubrication

1. Introduction

Metal cutting isoften associatedvith heat generation from thmaterialdeformationat the
primary shear zoneas well asfriction surfaces othe tool and worlpieceat the secondary
cutting zone Consequely, high temperaturer heat generatioat these zones significantly

influences the tool wear mechanismsamely,as abrasion,adhesiondiffusion and built-up
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layer. Excessiveamount of heat generah is a primarycauseof acceleratedool wearthat
shorters usefultool life. In addition, heatonducted from théool insert tothe tool holder
increass its temperaturewhich compromises thelimensional accuragynachined surface
guality andintegrity. Conventionally, cutting fluid is utilizeds a key approacto metal
removal,reduce temperataand facilitate heat transfat the cutting zonas well agemoving
the chip from tle zone[1, 2]. Presence of cutting fluidduring machining process ressiito
substantial improvement on cutting tool and woeke This is anexcellen practice, as it
alleviatesthe effects ofriction on thetool flank faceandthe machined surfagesincecooling
can beattained througldissipaton and conductin ofthe generated heathermal damagen
workpiece materiahnd cutting tod can be preventetthroughlubrication and coolingeffect

of the cutting fluid, consequentlyeducingthetool wear|3].

Despitethe key functiors of cutting fluidsfor machining processnprovementit alsohas
a fewdrawbacksas subsequently elucidatddrstly, the costassociated with the procurement
of the cutting fluids is as high 461 30 % of the total manufacturing cof4$. Secondlydue
to the nonbiodegradable nature of tHaiids, expensive treatmestprior to disposalare
mandatory which lead tohigh maintenance and disposal costsupfto two-fold of the
purchasing costsf cutting fluids[4, 5]. Thirdly, it has beemeported that 80% of occupational
skin diseasesespiratory ailments and cancer diseasesng the machine operatargcaused
by inhalationof the cutting fluids [6]. Hence, he importance of sustainable manufacturing
emerges talleviatethe aforementionedrawback®n themachining processesnvironmental
andtheirassociated costThese are the reasons whg use oflry cutting has great advantage

and can bafavorableoption

Moving forward, dy cutting is & eco-friendly approactthatsupports reduction dfarmful
wastes andischargesEliminating the use of cutting fluids is possible througi chachining

as it promotedow processing cost and ecological hazgfi However,commeraal and
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practical applications of dry machining arecertain because of thabsence otooling and
lubrication at toolworkpieceinterface[8]. Excessivdrictions at the bol-workpieceinterfaces
alsotriggertemperatureise that attributeto significantabrasion, diffusion aridr oxidation
types of tool wearmechanismsThe reduction of tool sharpnessnders the achievement of

close tolerancess there can bmetallurgical damagen the workpiecesuperficial layef7].

To compensate fothe absence of cutting fluids express the possibility of avoiding the
use of cutting fluidsnumeroustudies have beamdertakenin recent yearsffectivecooling
technologies are actively developéaresponse tthe increasing demasdor environmental
and sustainablgrocessesa number of researchdrave beenevoing their effortsto minimize
or eliminae the use of coolant in metal cuttittgroughminimum quantity lubrication (MQL),
cryogenic cooling, hybrid coolingand internatoolingtechnique$9i 13]. Remarkable results
are achieved innerm of extendd tool life, low cutting temperature anchproved surface
roughnessKorkmaz et al. [14] reportedthat tool life increasedby 61% and surface finish
improved by30% improvementvhen cutting Nimonic 80A via MQL incorporated with
nanoparticlesDanish et al[10] studied the effesiof cryogenic and drguttingon temperature
and surface roughness &rcutting AZ31 Mg alloy From the results obtained, it wabserved
that cryogenic machiningroduced anmprovementof 56% in surface quality ankbwer

machined surface temperatine60% when comparewith thedry cuttingcondition[10].

In addition, ombination of MQL and cryogenic coolingform a hybrid cooling technique
provided superior lubrication and cooling the cutting zonewhich led toa significant
reduction in crater wedi5]. Instead of using ligd nitrogen in cryogenic cooling, Tapoglou
etal. [16] conducted cutting trial using cryogenic cooling wadrbon dioxideCOz) andMQL,
which resuleédto a prolong tool life whencomparedwith the cryogenic cooling alond-ang
etal. [13] proposed &igh pressure coolingdPC) tool by creatinga cooling channel through

flank face and isupported arxtenckdtool life by 40% andoroducedgood surface quality.
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Despite ofoutstanding pedrmance improvementith theHPC, huge consumption of coolant

led to severe environmental problems.

The pinciple of highvelocity jetwasexpandedy utilizing air asa cooling fluid, replacing
theconventional coolanCold mist jet consisidof compressedold air andvaterat0 °C were
mixed in a jet nozzleto producea substantial cooling capacityHence, itgreatly reduce
temperatureluring thecuttingof titanium alloyg17]. Encouraging approaciould bethrough
internal cooling which includel internal heat sinks, heat exchangers, vortex tubes and heat
pipe [18i 21]. In internal cooling approach, cooling fluids circulate in a closed loop circuit
eitherthrougha cooling channebr a pipe withoutinjecting intothe cutting zong22, 23] For
instance|sik developed a turning tool witlhcooling channel inside the cutting tposing pure
water asacooling fluid[24]. The esuls establishedhat thetool life was extended up to 12%
becausef alow cutting temperaturdzvidently, channel structuris fundamentally important
for aninternal cooling tool. Peng etl. [25] observed that small microchannel diameter

producel the highest fluid velocitythat ledto alower tool temperature

Previously, researchersveproposed internal cooling tool by creating a cooling channel in
the cutting tool toeducetool temperaturérom underneath of the cutting insg4-27]. In the
variousdesigns severalcooling fluids wereable todecreasehe tool temperaturat its back.
Howeve, Honget al.[28] discoveredhat thetool back cooling was less effective than cooling
at tool rake face This isbecause othe apparentdistance between flank and the tool rake
surfaces. Thus it was suggestethat thelocationof cooling source heacloserelatiorship with
the cutting zonevhendetermining the effectiveness of cooling stratf2jg, 29] Molinari et
al. [30] reporteda high thermal energygenerationwithin the primary and secondary shear
zones Temperature profileepicted dot spot atherake faceand the generatdtkatintensity
was subjected tgpecificworkpiecedeformation Thereforeit is important tcaccuratelyocate

the cooling sourceearto thecutting edgeto revoke théow thermal conductivityf theinsert
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Besides magnesium alloys he received agreatinterestrecently becauseof its several
applications namely,automdive, aerospacemicroelectronics and moktely in bio-medical
applications Therecentuses of magnesium alloys in bimedicalindustriescan be attributed
to their superiobiodegradabl@ropertiesand corrosiomesistane[31]. Howeverlow melting
pointcontribuesto the burningof thechipsof magnesium alloyshenmachiningtemperature
exceed 450 °C [8]. As a result the use of cooling fluids is needédring machining of
magnesium alloyfor proper cutting temperature contrhleverthelesgproblemoccurswhen
waterbased coolans appliedduringmachiningof magnesium alloydecause theeaction of
water to magnesium alloys prodsdg/drogen gas that cdead toan explosion. To minimize
this risk, dry cutting is favorable in cutting magnesiaftoy, but suitable cutting parameter
mustbe properlydetermined to ensure cutting process is conducted below critical temperature

to avoid fire hazardespecially atlevatedcutting speed.

Despite of widely established stadon indirect cooling, there are limited research focusing
on indirect cooling for machininkightweightalloys especially on magnesium alloy. Most of
previous studies are maintgnterecbn cutting titanium and nickddased allog [18, 24, 27]
Besides, there is still lack of stuady tackling adhesion wear mechansrauch asxtreme
built-up edge (BUE) and builip layer (BUL)during machining procedsy using indirect
cooling. Therefore, this current study introducean innovative and sustainablechnique of
submerged convective cooling (SCIB) partialy submerged the tool rake fasea cooling
medium to reducetool temperaturgia internal cooling Computational fluiddynamics(CFD)
analysis wagperformedto optimize SCC cooling structure. Afterwara prototype of SCC
tool was fabricated and turning testsA¥31 magnesium alloy wer@nductedo investigate
into theturning performance of the toderformancef the SCCwasevaluatecdbasedon the

capability ofits heat removaleffecton cutting temperature and tool wear mechasism
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2. Experimentation: Material sand methods

2.1 Material

AZ31 magnesium allogylindrical rodswith diameterof 30 mm were used materials in this
experimental study. Theyere cutinto alength of 100 mmHowever,only a length 060 mm
was utilized forthe cutting in each pass to avoid chattering. The chemical compositibie of

material is presented ifablel.

Table 1 Chemical compositioof the AZ31 magnesium alloy

Chemical composition (Wko)

Material Mg Al Zn Mn Si Fe Ca
AZ31 Bal 3.1 0.73 0.25 0.02 0.005 0.0014
2.2.SCC tool

Fig. 1 presensa SCC toalwhichis considered as one of indirect coolieghnique for cutting
tool during machiningAccording to Honget al.[28], coolingat the rake facéasa profound
influence br temperature reductioimstead of cooling the tool back. Thereforetha design

of SCC tool,thefluid entersthe cooling module from the top of rake face gabsgsthrough

the rake facebefore leavingvia the outlet. Recirculating fluid insidethe cooling module
dissipats heat fromthe cutting insert via convection principle through the rake face. At the
contact interface between cooling module and rake face, silicon gaskapplesito sealthe
fluid from anyleak and to avoid water contact with magnesium alltys cooling module wa
specially designed and fabricatieg usingaluminum alloy to creata partiallyenclogdrake

face while theremainingwasusedfor the cutting operationas shown in FigR.
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Fig. 1(a) Assembly of SCC topshowing thgb) circulating fluid insidethe cooling

module

A-. Coolinnarea

Fig. 2 Descriptionof effective surface othetool rake face

The maximum temperatuiie generally noted to beear the cutting edgd herefore the
cooling sourcenust bdocated neato the cutting edgelhere was nonodificationcarried out
onthe cutting tooto ensurghattheintegrity oftheinsertstructureandthetool remain intact.

The SCC module was attachedo an uncoated carbide insert CNMA12040&hich was
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mountedon a standard tooholder PCLNLK202012 from Mitsubishi. Tool holder has
entering angle of $5rake angle and inclination angié-6°. Thecomplete circuibf SCC set

up is shown inFig. 3 The cooling circuit consistl of a pump, a tank, a flow meter anda
cooling module They connected to each other by hose and figiMjater was used abd
cooling fluid, due to its efficiencyavailability, suitabilityas well asits pronounced cooling
ability. Besides, watedoes notequire much treatent during disposal and could be used for
a long time. Cooled water was storedaitank, andit was pumped into the cooling module

usinga DC water pumpt pumping rateof 1.0 L/min.

-
B B
Flow
meter T
= PCLNLK202012 tool
DC Pump Water tank

Fig. 3SCC tool circuit

2.3 Designof internal structure of cooling module

The unique componentf the SCC toolwasthe assembly ahe cooling module. It consistd
of a clamper,afixing screw,a cooling moduleaninlet andanoutlet barb fittingA clamper
was used to presthe cooling module tighthand securelpntheinsert rake face. Fixing screw
was used to ensutlat thecooling modulevasfirmly attached tahe cutting insertOn top of
the cooling module, inlet barb was fitted layscrew threadwhile a cavity was milled to
accommodate the incoming cooling fluiside the cooling modulét the back, outlet barb

wasalsofitted by screw threadl'o avoid cooling fluid leakageg groove was created to fit
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silicon gasket around the cavity areBhe rarrow spaceof the turnedimachired area
constrairdthe overall dimension of cooling structufiéis condition affectedhe height, H of
cooling module asvell asthe cavity depthd, as shown in Figd4. The heightwas fixed at 16

mm, becausedt wasthe maximumallowable height before it interferedith the workpiece
being machinedThe cavity depthd was set as 5 mntaking the possibility offluid leakage

into considerationPrior tothe simulation, inlet/outlet diameter ranges were decgiladed on
working condition otheentire SCC tool system. As SCC tool system was designed to operate
safely at designated flow rate, diameter range was determined @aoobed3 i 7 mm.
Consideration was taken to avadery low inlet diametethat could leado over pressurized

fitting and consequentlyfauid leakage.

A
A 4

c ‘
>
(a)

Fig. 4 (a) Cooling module (b) Section viewC

(b)

2.4 Cutting trials
Cutting experiment was conducted using a CNC Turning T6 Compact Quickteidering
both dry andSCCconditions as shown irFig. 5. The following nmachining parametsmwere

kept constant: cutting speed , depth of cut @ and feed rate"Q at 120 m/min, 10 mm
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and 0.1 mm/rev, respectively. Aldtgw rates of the coolantor waterwere variegdas 50, 90
and130 mL/min. Cooled water witltonstantemperature at 28 was stored in the tank to act
asa cooling fluid. Rake face temperature distributimasrecorded foeach cutting condition.

Summarily,Table2 preserd the experimental details used in this study.

(@)
Thermal camera
Computer R
Focus distance”
Flow meter Hose Camera tripod
“m — — ——
B B

SCCtool
Water tank

S
Spindle

DC Pump

Fig. 5(a) Schematidlustration of the test center aiflo)) the atual experimentadetup
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Table 2 Experimental details

Machine CNC Turning T6 Compact Quicktech
Workpiece AZ31 Magnesium alloy
Cutting conditions Dry

SCC

Water temperature 20°C

Flow rate 50, 90 and 130nL/min
Cutting parameters Cutting speedw 120 m/min

Depth of cut ® 1.0mm

Feed rateQ 0.1 mm/rev
Cutting tool Tool holder PCLNLK202012

Insert CNMA120408
Thermal camera FLIR T440

Camera focus distance 0.4m

2.5Temperature measurement

A thermal imaging camer&LIR T44Q was utilized to locatethe hot spot and temperature
distribution on the rake face and chifne FLIR tool softwarewas installed in the computer to
dynamicallydisplay the infrared imagesihe camera has spectral range of 7.5 to 13 um, a
frame rate of 681z and thermal sensitivity of 0.048 at 30°C with 320 x 240 pixels thermal
resolutionto provide a total of 76,800 pixels Emissivity value is a critical parameter in
operating thermal camera. A linear relationship between thermocouple measuremntéet and
thermal camera on AZ31 magnesium allogswbtained with emissivity set to 0.180, 34

36]. Constant emissivity of 0.18asused b measure temperature both in dry and cryogenic
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cuttingconditions. ltrecordeda minimum temperature iacryogenic cuttingondition which
was not lower thad0°C [10, 34] therefore emissivity value of 0.1&assimilarly suitable for
SCC In this study, calibration othe thermal camera was performed by heating AZ31
magnesium alloy on hot plate from room temperature up t¢@G0&sadopted fom previous
studes [10, 34] The measurement was taken at the same $aatdings fromK-type
thermocouple and thermal camera were plotted in@-iginear relationship was gained both

from thermocouple and thermal camera as foll&gs(J):

Y p8tTt 60 WX WT D

300 ¢

y = 1.0433x 9.8794
R2=0.9974

= = N N

o a1 o (1)

o o o o
T T T T

Thermocouple temperatured))
(o)
o

0 50 100 150 200 250 300
Thermal camera temperatuf€}

o

Fig. 6 Linear relationship of temperature readihg@tween FLIR T440 and thermocouple

To ensure consistency in capturing thermal image, the thermal camera was mounted on a
camera tripod, and it was fixed perpendiculahgspindle rotational axjgspreviouslyshown
in Fig. 5. With this configuration, camera focus distance was kefi.4an, which wasa
minimum distance recommended by manufactufarnrthermore, #ect of atmospheric
attenuatiorwasreducedatalow distance tahesourcethusprovided thehighest resolution of
measured surfadd7]. The emissivity of uncoated carbide insert wigserminedat 0.7 by

heating it to 400C.
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2.6 Wear, tool-chip contact length and surface roughnesseasuremens

Wearand element analgsonthe magnesium alloy material anool werecarried outusing a
scanning electron microscppSEM) JEOL JSM6010LV andenergy dispersive spectroscopy
(EDS) after 30 minutes of cuttingrespectively Subsequently surface roughness was
determinedat four locatios on every sample and averagadingwas taken aanarithmetic
averageRa usingsurface roughness Mitutoyo-810 testerThe test was conducted according
to ISO 4287 standard.he tootchip contact length was observed and measured by Xoptron
X80 series ohigh-poweroptical microscopylt was dentified by using the contact tracks left

by the chip on the tool rake face.

3. CFD Simulation: Numerical analysis of SCC tool thermal performance

Prior to experimental work, optimum dimension of inletleudiameter with varyingow rate
was determined based themaximum tool temperaturd@he optimiation of the diameter was
facilitated via ANSYS Fluent, a commercially availaBIED software. The software package
wasappliedto resolvethethermal model othe SCC tool.CFD analysis is actively utilized in
engineering applicatigrincluding metal cuting field [13, 25] Table 3depict the material

properties used in tHeFD simulation

Table 3 Material properties for CFD simulatig82, 33]

Parametrs Insert  Cooling Module Water  Air
(Aluminum alloy)
Density (kg/nd) 15000 2719 1000
Thermal conductivity (W/ni) 46 202 0.6
Specific heat capacity (J/Kg) 203 871 4200
Water temperaturéQ) 20
Viscosity of water (kg/m.s) 0.001
Flow rate (nL/min) 50,90,130 ---
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Heat transfer coefficient (W/AK) 5
Air temperature®C) 27

Threedimensional CFD model was developed to assess cooling capatiiy ®EC tool
based onthe inlet/outlet diameterof the cooling moduleSimulation of fow field was
employed toexaminethe effect of inlet/outlet diameter of SCC tool i velocity andthe
cooling fluid convective heat transfer coefficieas depicteth Fig. 7. The following lundary
conditionsof the modelwere specified: (1) luid inlet wasdefinedas mass flow inlet(2)
pressure and temperature weetto an atmospheric pressuand 27C respectivelyfor the
fluid outlet. Rest of SCC tool surfacesresetto expose tahe surrounding aiexcept cooling

area Ac andtool-chip contact areac.

Heat source
effective area |

Fig. 7 Fluid domain and heat boundary in SCC tool

In conducting the simulatigafull factorial test was implemented for independent variables
of inlet/outlet diameter anflow rate as preseetd in Table 4Fluid flow inside the cooling
moduleinduced dorcedconvecton from the motion othefluid to absorbheat from cutting
tool. The amount of heat flowing to the cooling fluid and the heat dissipationtfr@iewton

law of cooling can be calculated based os &) and(3), respectively

Pagel5of41



0 aw Y Y 2

0 W Y Y ©))
whered , @,"Y hand"Y aremass flow ratespecific heat capacity of fluidutlet and inlet
temperature, and'Qrepresentsonvective heat transfer coefficiedt, denotesooling area;Y
stands for thénsert temperature arit is the mean fluid temperaturBefore commencing the
CFD analysis, th heat flux generated at techip contact area was determined based on
experimental tool temperature. Once the heat flux has been finalized, a parametric shedy on
inlet/outlet diameter was carried pusing the CFD analysis to determine optimum geometry
of the finaldesign configuration of the cooling module. Laminar model was adopted to simulate
the flow field inside the cooling module. The floate employed in this study was determined

to be aaminar flow states based on Reynolds numBeras given byEq. (4:

" w0
YO — T

where ”hofO and* are the density, inlet velocity, inlet diameter and dynamic viscosity

respectively.

Table 4 Simulation parameters

Parameter Value
Inlet/Outlet diameter (mm) 3,4,5,6,7
Flow rate (nL/min) 50, 90, 130
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4 Resultsand discussion

4.1 Simulation results

4.1.1 Tool-chip contact area and heat flux

Initially, dry cutting was conducted to determine the heat flux andctapl contact areéor
input parametex of the simulation Based on dry cuttingxperiment the maximum tool
temperature and to@hip contact area,/&A(0 x @ ) were determined to be 86°G and (0.4
mm x L0mm), respectivelyAn arbitrary value of heat flux was apgd to the tocichip contact
area inthe numerical modelSub&quently, feration stepweretaken as a procedure attain
theabsoluteaccuratevalue oftheheat flux, which was 2.1 x £0v/m?. The result was validated

with the experimental dataased on the maximum tool temperatashown in Fig8.

87 1

(e}
(o)}
1

(0]
a1
1

(0]
w
1

0]
N
1

Max. tool temperature’C)
(0}
N

(0]
=
1

80 '''''''''''
EXp. Sim.

Fig. 8 Comparison of raximum tool temperature in dry cuttifgy experimenral andCFD

simulationapproaches

4.1.2 Effect of inlet/outlet diameter and flow rate

Maximum tool temperatusdn the SCC toolare showrin Fig. 9. In general, tool temperature

was proportionally increased with the inlet/outlet diameter. Lowest tool temperatures were
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obtained with thénlet/outlet diameter a8 mm for each respective flow radost importantly
variation inthetool temperature wamarginal as the diameter changed from 3 to 7 mm. For
instance, the tool temperature declined by orfh?Q.for the flow rate of 5GnL/min. On the

other hand, the tool temperatuszordeda downward trend as the flow ratkangedrom 50

to 130mL/min.

S 46.2 ——50 mL/min
S 46 90 mL/min
IS

45.4 . . ' '
3 4 5 6 7
Inlet diameter (mm)

Fig. 9 Maximum tool temperature ithe SCC tool
Temperature gradient of the cutting tool is shown in Eigwhich depicsthe cooling effect

from the cooling fluidor fluid flow. It wasapparent that thieighest temperature concentrated

at tooltip, whereasherest of the tool surfaces maintained a room tempergtacdient.
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Fig. 10 Temperature contour &CCtool z ocd aht p od@mOf E1

Maximum tool temperature wasgnificantly influenced by the heat transfer coefficient of
the cooling fluid as illustrated in Figll. Heat transfer coefficient of cooling fluid was
extractedfrom location cooling areaAc of the simulation. High heat transfer coefficient
implies greater high digpation from the cutting tool. Mvas evidenthat the highest heat
transfer coefficient was producbg theinlet/outlet diameter 08 mm for each respective flow

rate, and ideclinedgradually with the increasing inlet/outlet diameter.

3500
<
5
S 3000
=
@ —~
8 & 2500
8 E —&—50 mL/min
[2)
2 2 2000 1 —+—90 mL/min
bt —=— 130 mL/min
8 1500 - !
T

1000 . . . .

3 4 5 6 7

Inlet diameter (mm)

Fig. 11 Heat transfer coefficient of cooling fluid
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According toCengel[38], fluid velocity gredly influences the convective heat transfer
coefficient in forced convectioWith this respectthe effecs of inlet/outlet diameteon fluid
velocity and the percentage reduction of fluid velocity for respective diasaeterflow rate
are depicted in Fig.2L The highest fluid velocity was recorded when the inlet/outlet diameter
was 3 mm for each set of flow rate, and it continueddp @ithincreasednlet/outlet diameter.
Therefore, the highest heat transfer coefficeamnt be attributed to the inlet diameter of 3 ;mm
as illustrated in Figll.

Besidesthe reduction of fluid velocity was analyzexs shown in Figd. This is a vital
indicator to ensure that the fluid velocity remains at its highest velocity. FromlEig.
regardless of the fluid flows, the loss of fluid velogigrsistedas the inlet/outlet diameter
increasedAn inlet/ outlet diameteof 3 mmrecoded the least loss of velocity for each set of
flow rate with the minimum lossf 15% foraflow rate of 130mL/min. Based on the simulation
results it can be concluded thatfectiveconvective heat transfer coefficient can lead to a low
tool temperatureThe highest heat transfer coefficient was obtained when the inlet/outlet
diameter was 3nm, and it maintained an upward trend with the flow rate. Considering inlet
velocity and tool temperature, SCC teahibiteda pronounced cooling performance wttba
inlet/outlet diameter was 3 mnthus the optimum dimension of inlet/outlet diameter was

confirmed,and te actual fabricated SCC tool is shown in Fig). 1
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Fig. 12 Influence of inlet/outlet diameter on reduction of fluid velocity at flatesof (a) 5Q

(b) 90and(c) 130mL/min
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Fig. 13Actual SCC tool

4.2 Heat distribution on rake face

Thermal imaging aield the identification ofthe hot spot andnalysis of théeat distribution
on the rake facevhen exposed to heat genedifrom cutting processlhermal camera was
utilized to visualize concentration of heat spreadheriool rake faceThermal imagetrake
face was capturedmmediatelyat end stroke of cuttinglo avoid interruption from the chip
and workpiece, the toalasretracted from the workpieqarior to capturing the imageAs
shownin Fig. 14, there was significance drop in tool temperatuteit a nearlysimilar chip
temperature of AZ31 magnesium allegas obtainedrig. 15 showsthermal distribution on the
rake face #ier 1.0 minute of cutting for both dry an8CCconditions Therewasa significant
reduction orthetool rake face temperatufie@m dry to SCC condition at 130L/min; precisely

from 86.3 t042.1°C, as shown in Fig45(a) and (d), respectively.
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Fig. 14Tool and chip temperatures at different flow rates of water
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Fig. 15Thermal imagsof heat distribution and maximum tool temperasuater
disengagement frotte workpiece under (a) dry, SCC conditions 8bw ratesof (b) 50, (c)
90 and (d)XL30 mL/min

Page23of 41



This reduction or improvementasroughly 50% while internal cooling tool witha tool
back coolingdeveloped by Isif24] reducedtool temperature approximately by 26%hen
compared with thdry cuttingcondition On the other hand, green closed internal cooling tool
also applied tool back coolirapnd wasable to reduce tool temperature by 8Z1which was
equivalent to 60%when comparedwith atool without internal cooling, but the inlet water
temperature and ambient was °2[23]. Evidently, he effect of flow rate ir5CC condition
showeda downtrend in tool temperature, yet the differenasminorandbetweenl to ~5 °C,
ascaptured and presentéd Figs 15(b)-(d). Low thermal conductivity of uncoated tungsten
carbide mighthave hinderedhe heat transfer from the tool to the cooling fligden though
the flow ratewasraisad. Minton et al.[27] haddiscoveredhatthe uncoated tool conducted
heat slower than diamond coated t@blencutting titanium alloywith internal coolingsystem,

due to low thermal conductivity.

Also, it wasobservedn adry condition thatheheat distribution was spreading all over the
rake face as well as to the cutting tool. However, the highest temperature was spotted slightly
away from the cutting edge; the area where the chip had contact with the tool. In contrast, for
SCC condition, thdieat was maintained near the tool tip without heating up the entire tool,
with aless peak temperature generated. Sarloever feed rate was employed in this study, the
contribution of heat at the rake face was mainly originated from the sliding[88]p
Therefore, it was understood that the heat source was moving towards the cooling source for
SCC condition. Besides, it has been established in cutting simulation that maximum
temperature occurred at 0.4 mmay from the cutting edge and the heat flux flowed into the
tool along the entire contact regipt0]. Consequently, tool temperature was reduced in SCC
condition.This was in agreememtith the investigation conducted by Minton et [&7] and
Wu et al.[23]. They reported that internally cooled tool significantly exhibited a reduction in

its temperture.

Page24 of 41



In metal cutting, 7@o ~ 80% of heat generated is carried away by the &hip.16 shows
thetemperature variation of chip for differemachiningconditiors. Dry conditionproduced
chip temperature d248.3°C, whereas lowesthip temperaturef 230°C was recorded with
SCCcondition ataflow rateof 130mL/min. This decrease or enhancement ag@roximately
8%. The variation of chip temperatuiebetween dry an@&CC conditions was not much or
smaller, when compared with that tfol temperature This phenomenon didot imply
ineffectiveness of submerged coolingstead itvasa consequence of enormous heat reduction
in the tool. Thisnvasevidently demonstrated Wyzel [41], in which thereduction of 80 °C at
tool-chip interfaceaemperaturéed to30 °C decrease iohip temperaturéBesidesthe observed
low deviation ofthe chip temperatuieestablished théact thatfrictional heatwasevacuated
by the chip instead ofbeingconductedoy the tool This phenomenoran belinked to high

chip velocity[42].

Box 1 Box 1
Max: 248.3°C Max: 246.3°C

Box 1 Box 1
Max: 244.6°C Max: 230°C
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Fig. 16 Thermal image at maximum chip temperature of AZ31 magneaiiay during
(a) dry as well aSCCconditionsat flow rates of(b) 50, (c) 90 and (d) 13@&L/min

4.3 Contact length, chip formation and tool wear mechanisms

Effects of cutting conditios and flow rate on tookchip contact lengtlvereinvestigated and
discussed in this sukection As shown inFig. 17, higher value ofool-chip contact lengtlof
0.415 mm was recorded imydconditionwhencomparedvith SCCwith anaverage valuef
0.300mm, resulting tonearly28% reductionThis occurrence can be relatedhat oftool and
chip temperatur® as previouslgxplained. Long contact lengthpliedlargercontact areand
high stresdetweenthe chip andthetool. Thus,enormousamount of heat geneeatat took

chip interfacecaused byhefriction wasabsorbed byhe tool[43].
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Fig. 17 Tool-chip contact lengthat different flow rates

ConsideringFig. 18, chip produced in dry condition was continuous typaich was

coincidentato tool temperature and contact length. Neverthelefise BCCsystem/condition
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a dowrrend in toolchip contact lengthvas observed With higherflow rate, he toolchip
contact lengtlwasreduced This wasan indicatiornthat the cooling &da significant effecion
the tootchip contact length. At loastflow rate of 50 mL/min, contact leagth was B3 mm,
while maximumflow rate of 130 mL/min reduced contact lengtbh 025 mm. Tasdelen et al.
[44] reportedasimilaroutcomen whichMQL and compressed air recordiecbmparabléotal

contact lengthdue to chipup curlingcaused byhe coolingeffect.
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Fig. 18 Chip formationand tootchip contact lengtHor different flow rate.
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High flow rate proviegd more heat absorption, which was evidently shown by tool and chip
temperaturesHig. 14). The low tookchip contact length produced discontinuous and shorter
chips, as depicted iRig. 18. Besidesthe structure of the cooling module incorporated on the
rake face indirectly contributed to the low contact length. The structure of SCC system created
an obstruction to the chip, which forced the chip to curl up similéinad of cutting tool with

chip breaker.

FurthermoreBUL is commonlyobserved during machinirgf Mg alloy [45, 46] BUL is a
kind of adhesion wear mechanism in metal cuttingt is thermally sensitiveespeciallyto
workpiecetool temperature[47]. This frequentwear mechanisnocaurs always at high
temperature anid very difficult to preven{48]. The zone where hest absorbe@itherby the
cutting edgeor flank faceis an identified favorable location of BUL formationThe
phenomenon oBUL during cutting of magnesiumalloy is associated tdow melting
temperaturef around618 °C, thusthe material terslto weld on thetool rakeface.Presence
of both manganesén) and aluminum Al) compounds in the BUL ardas been identified
as thekey factors responsible foadhesion mechanism in cutting Mg all@s it ha high

affinity with tool material445].

Moving forward, the results from thédemical analysisonducted usingDSare shownn
Fig. 19. It wasevidentlyobservedn both conditios thatthere wereresenceof Mn and Al
elements on the rake fadm.this currentstudy,bothBUE andBUL wereobservedn bothdry
andSCCcutting conditionsHowever, the severity of BUE aUL weredifferent With dry
condition both BUE and BUL producedwere worse But, the severity of these wear
mechanismmimprovedor decreasettemendouslyvith SCCcondition.SEM image irFig. 20
shovs BUE at the cutting edgand BUL on the rake faceThey were intensifiedin dry
condition due tothe higher cutting temperaturdt can be further explainetthat the pastic

deformation otheworkpiecematerial in primary zone generdtenormous heat closed tize
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cutting edgethereforat caused meltedZ31 magnesiunalloy to adhere on the cutting edge.
The significant formation of BLL observedon the tool rake facein dry conditioncan be

attributed taherapidheatgrowth, due tothefriction effect betweethechip producedandthe

tool.
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Fig. 20 Formation of BUE and BUL on tool rake faduring (a) drycondition
and (b}(d) different SCOlow rates
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